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Abstract
The work presented demonstrates that Diffusive gradients in thin films (DGT) and 
similar passive sampling techniques that use cation-binding resins can be effectively 
combined with portable X-ray fluorescence (XRF) for reliable detection and monitoring 
of dissolved metals species in mine water. In this study, Chelex resin was used to capture 
metals from synthetic and real mine water through an ion exchange mechanism.  
Metal ions were detected on the resins after exposure to solutions containing low 
concentrations (ppb) of metals, and the amount of metals accumulated and detected on 
the binding layer was proportional to the deployment time. We present measurements 
of zinc, nickel and manganese ions in mine water using this technique which is in 
good agreement with ICP-MS results. In summary, the approach holds great promise 
for rapid and reliable detection and monitoring of metals in mine drainage and mine 
impacted water bodies.
Keywords: Metal detection, Mine water, DGT, Field portable XRF, Ion-exchange 

Detection and Measurement of Dissolved Metals in Mine 
Water Using Cation-Binding Resins and Field Portable XRF 

Daniel Arulraj Abraham1, Fei Jin1, Ilemona Okemea, Devin Sapsforda, *
aSchool of Engineering, Cardiff University, The Parade, Cardiff CF24 3AA.

*Corresponding author, School of Engineering, Cardiff University, The Parade, Cardiff CF24 3AA.
Email address: SapsfordDJ@cardiff.ac.uk (Prof. Devin Sapsford)

Introduction 
All around the world, mine water pollution 
is of serious concern and mine-derived 
contaminants have affected the environment. 
Passive samplers are becoming more widely 
used for monitoring metals and other organic 
pollutants in water. Diffusive gradients in 
thin films (DGT) passive sampler method 
can rectify the problems related to the 
distribution of metal which can change 
during sampling, storage, preservation, or 
through contamination (Buffle 2000, Batley 
2004). Normally, the accumulated metal 
ions on DGT binding layer are eluted with 
acid after the deployment period and then 
measured by Inductively coupled plasma mass 
spectrometry (ICP-MS), Inductively coupled 
plasma optical emission spectrometry (ICP-
OES), Atomic absorption spectroscopy 
(AAS) or other similarly analysis. These 
methods are costly in terms of technician 
time and consumables. To overcome this 
problem, portable XRF was used to detect 
the metal accumulated by the DGT. XRF is 
commonly used in the environmental studies 

of metals. Portable XRF is a reliable method 
for on-site monitoring of metals in water and 
soil samples (Chou 2010, Kalnicky 2001). This 
study focuses on the development of a metal 
binding layer for the accumulation of Zn (as 
a key contaminant in UK metal mine waters), 
Ni and Mn, followed by measurement with 
a field portable XRF (cf. Chen 2013). The 
performance of the device in different pH 
and different time periods of deployment 
were assessed.

Materials and method
Chemicals and reagents
To prepare the binding layer for dissolved 
metal ions measurement, Chelex-100 
resin, and acrylamide were purchased 
from Bio-Rad Laboratories, agarose from 
VWR chemicals, N, N, N, N-tetramethyl 
ethylenediamine (TEMED) catalyst, 
Bismuth nitrate pentahydrate, and sodium 
hydrogen phosphate from Sigma Aldrich, 
and ammonium persulphate (APS) from 
Fisher Scientific. All metal standards were 
purchased from VWR chemicals. DGT 
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piston holders and Chelex/Metsorb binding 
layer-based DGT device was purchased 
from DGT Research Ltd. (Lancaster, U.K.). 
All chemicals utilized in this work were of 
analytical reagent grade.

Preparation of diffusive gel and  
binding gel
The gel solution was prepared with a mixture 
of acrylamide and agarose chemicals for the 
preparation of diffusive layer gel, in-house 
Chelex binding gel and BiPO4 binding gel. In 
the diffusive layer preparation, gel solution 
mixed with 120 μL of 10% APS and 40 μL of 
TEMED. The obtained mixture gel solution 
undergoes casting at 45-48 °C for 1 h in 
between two glass plates with 0.8 mm thick 
spacers. For the in-house Chelex and BiPO4 
binding layer preparation, Chelex-100 resin 
(4g) and BiPO4 (0.1g) was added with gel 
solution following same procedure separately 
by use of 0.4 mm thick spacer. Final cast gels 
were cut into discs and kept in 0.02 M NaNO3 
at 4 °C for storage before use. BiPO4 was 
prepared by a hydrothermal method at 140 
°C for 5 h using Bismuth nitrate pentahydrate 
and sodium hydrogen phosphate aqueous 
solution, which was washed and then dried at 
100 °C for 12 h.

Measurement
In this study, the metal concentration was 
determined by S1 TITAN handheld XRF 
Bruker analyzer. Five elements, including 
Zn, Ni, Mn, Cd, and Pb were calibrated. The 
emission lines (Kα1) of Zn (8.639 keV), Mn 
(5.90 keV), Ni (7.48 keV), and Cd (23.13 
keV) were used for integrating the peak 
area. XRF measurement was focused on the 
exposure area of the top of the DGT device 
and using the GeoMining type and Oxide 
concentration method in XRF instrument. 
The recorded data was transferred to the 
system via a USB port. Then, all the data were 
collected through Bruker instrument tool 
software 1.8.0.136. After XRF measurement, 
the binding gel discs were removed from the 
housing unit and then eluted in 2 mL of 1 
M HNO3 for at least 24 h. The eluted metal 
ions were diluted and then measured by 
ICP-MS (NexION 300X, PerkinElmer). All 
the laboratory testing was conducted at 25 °C. 

To validate the performance of the devices in 
real mine water samples, both devices with 
two different binding layers were deployed in 
mine water at a site in the S.West of England. 
Meanwhile, synthetic mine water samples 
were also prepared and tested using the 
commercial Chelex/ Metsorb DGT device.

Results and discussion
Blank and detection limit for the  
DGT device
The blank Zn concentrations of the Chelex/
Metsorb DGT and the in-house Chelex-
binding layer device were estimated from 
the integrated peak area of Zn by the XRF 
detection method. The Chelex/Metsorb 
DGT device was assembled with the mixed 
binding gel (0.4 mm thick), APS diffusive gel 
(0.8 mm thick) and polyethersulphone filter 
membrane (0.14 mm thick) and deployed in 
buffer solution with Zn for 24 h. Similarly, the 
in-house BiPO4 device was assembled with 
the BiPO4 binding gel (0.4 mm thick) and 
polycarbonate membrane (0.4 µm pore size) 
and deployed in buffer solution with Zn for 
24 h. The in-house Chelex device with Chelex 
binding gel (0.4 mm thick) and polycarbonate 
membrane was deployed in buffer solution 
with Zn for 72 h. Before deployment, the 
assembled DGT device didn’t give any 
response peak for Zn. n-, indicating low-level 
contamination of Zn in the binding layer. 
In this XRF detection method, the Limit of 
detection so far determined for Zn using 
the in-house Chelex device (100 µg L-1) is 
lower (5–30 times) than Chelex/Metsorb 
DGT (500 µg L-1), and BiPO4 binding layer  
(3 mg L-1). This detection limit is lower than 
the permissible limit of Zn reported by the 
WHO guidelines for drinking water (WHO 
2022).This suggested that the proposed device 
can provide useful data for the determination 
of Zn contaminants in the mine water 
environment. If the Zn concentration in 
natural sources is much lower than the 
detection limit determined above, a longer 
deployment period may improve the mass 
loading on the binding gel (or a reduction 
in the thickness of the diffusive gel when 
one is used) (Deng 2019). Increasing the 
XRF acquisition time will also help but that 
reduces the sample throughput in the field.
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Metal analysis
The handheld XRF device was calibrated for 
Zn, Cd, Ni, Mn, and Pb with the standard 
solutions. The Chelex/Metsorb DGT device 
was deployed in the 2L solution (pH 5.8) 
with different concentrations (0.5 mg L-1 to 
10 mg L-1) of Zn, Cd, Ni, Mn, and Pb ions 
for 24 h. The accumulated metal ions were 
detected and measured by XRF after the 
deployment period, which is presented in 
Fig.1 (A–D). Chelex/Metsorb DGT provides 
a good linear response for Zn (0.5 mg L-1 to 
5 mg L-1), Ni (0.5 mg L-1 to 10 mg L-1), and 
Mn (3 mg L-1 to 10 mg L-1). Pb and Cd did 
not give expected results. XRF peak area 
for corresponding metal ions increases 
with the increasing solution concentration, 
which indicates the mass loading (or) metal 
accumulation enhances within the binding 
gel. XRF measurement on high concentration 
Zn solution (10 mg L-1), observed a decrease 
in the peak area, possibly due to exceeding the 
adsorption capacities of the gel (Kunfu 2020). 
Similarly, the in-house Chelex gel provides a 
good linear response for Zn from 100 µg L-1 
to 3000 µg L-1, as presented in Fig.1E.

Time-series accumulation
Zn accumulation on the in-house Chelex 
binding layer and BiPO4 binding layer was 
monitored using the XRF after deployment 
for different periods of time (Fig. 2), which 
can be useful for validating the performance 
of the devices. For this study, the Chelex 
device was deployed over a time of 24 h, 48 h, 
and 72 h at pH 5.8 solution with 100 µg L-1 Zn.  
A good linear response was observed over the 
period of Zn accumulation on Chelex (R2 = 
0.9987), which is compared with BiPO4 gel 
(R2 = 0.9884). These results proved that uptake 
of Zn by the Chelex gel is fast compared with 
BiPO4 gel. The Zn accumulation over time for 

BiPO4 binding layers has not been reported 
previously.

Effect of pH
To determine the range of conditions under 
which the devices could be deployed, the 
performance of the in-house devices was 
tested at various pH values. The pH buffer 
solutions were adjusted by the solution of 
1 M HNO3 and 1 M NaOH. The in-house 
Chelex binding layer device was checked in 
pH solutions of 4.6, 5.8, and 7.0 with 100 µg 
L-1 Zn by the deployment of the device in a 2L 
solution for 72 h. Fig. 3 clearly shows that the 
measured peak area for Zn accumulation on 
the gel at pH 7.0 was much lower than pH 5.8 
and pH 4.6, indicating that the Chelex gel at 
pH 7 has a lower adsorption efficiency (Lin 
1999). Normally, the Chelex gel adsorption 
mechanism for metal ions was based on 
the ion exchange method (Lin 1999). The 
detected Zn concentration at pH 7 was 27% 
lower than the expected concentration due to 
the pH-dependent ion exchange reaction that 
takes place between Chelex gel and Zn ions.

Detection and measurement in real  
mine water
To verify the efficacy of the Chelex devices, 
the in-house Chelex binding layer device 
and Chelex/Metsorb DGT devices were 
deployed in fresh mine water, located at 
the mine site in the South West of England. 
The results of the deployment are presented 
in Table 1, suggesting that measured Zn 
concentration from the XRF method showed 
good agreement with ICP-MS results. The 
performance of DGT was good over the 
week-long period. However, during the 
longer periods of deployment, the sensitivity 
of the analyte of the devices may be affected 
by biofouling or degradation of film.

Table 1 XRF-Chelex DGT detection of Zinc in mine water sample and comparison with ICP-MS results

Deployment period DGT Element XRF results
mg L-1

ICP-MS Results
mg L-1

3 days Chelex Zn 1.24 1.50

3 days Chelex Zn 1.05 1.28

7 days Chelex/Metsorb Zn 1.18 1.06
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Figure 1 XRF peak area versus metal ions concentration in the measurement of trace metal ions present in 
synthetic mine water using Chelex/Metsorb DGT (24 h deployment time, 2L of pH 5.8 buffer) [A], the linear 
curve of XRF measured peak area versus corresponding Zn, Ni, and Mn concentrations while using Chelex/
Metsorb DGT samplers [B, C, and D], the linear curve of XRF measured peak area versus Zn concentrations 
using the in-house Chelex sampler [E].
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Figure 2 XRF measurement of Zn accumulation by the in-house Chelex-binding layer device placed in a 
solution containing 100 µg L-1 Zn, pH 5.8 for the different times from 24 to 72 h (A).  XRF measurement of 
Zn accumulation by the in-house BiPO4-binding layer device placed in a solution containing 3 mg L-1 Zn, pH 
5.8 for different times from 24 to 120 h (B). Note the difference in the y-axis scales. 

 

Figure 3 Effect of pH on measured Zn peak area by 
XRF-Chelex DGT sampler

Conclusion
This study demonstrates that it is feasible to 
detect and monitor metal species in mine 
water by using either commercially available 
DGT devices or in-house variants, followed 
by metal detection and quantification using 
field portable XRF. The in-house Chelex-
based binding layer potentially provides a 
reliable method for measuring the dissolved 
Zn (and other metals) in mine water and 
was compared against the performance of a 
commercial Chelex/Metsorb DGT and an 
in-house BiPO4-based binding layer device. 
From this method, we were able to detect and 
quantify (if the accumulation rate is known) 

the low concentration of Zn down to 100 
µg L-1. The developed binding-layer device 
performance is good in the pH range of 4.6-7.0 
in the environmental water. This technology 
will simplify and make cheaper and quicker 
the application of passive samplers for in-situ 
monitoring of polluted waters.
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Evaluating Manganese in Mine Water in UK 
Coal Authority Mine Water Schemes

Selina Mary Bamforth, Christopher Satterley

The Coal Authority, 200 Lichfield Lane Mansfield NG18 4RG, selinabamforth@coal.gov.uk

Abstract
Manganese is a naturally occurring, abundant element in the environment, and is a 
common contaminant of coal and metal mine drainage.
Environmental Quality Standards (EQS) proposed in 2014 under Water Framework 
Directive as applied in the UK established that manganese discharge limits should 
be based on Predicted No-Effect Concentrations (PNECs), with an EQS of 123µg/L 
bioavailable in freshwater for manganese. 

The Coal Authority is undertaking research into the treatment of manganese in our 
existing mine water treatment schemes (MWTSs) including assessment of manganese 
dynamics and removal efficiency in our MWTSs, and complementary R&D trials 
investigating alternative treatment technologies.
Keywords: Coal Mine Waters, Treatment, Manganese, Innovation

Introduction 
Manganese (Mn) is a naturally occurring and 
abundant element in the environment, and 
can originate from the natural weathering 
of geological material, such as Mn oxides 
(i.e. pyrolusite, vernadite), carbonates (i.e. 
rhodochrosite), silicates, and sulphides. 
However, Mn can also originate from 
point sources arising from its use in heavy 
industries such as steel manufacture and coal 
mining, with Mn a common contaminant of 
both coal and metal mine derived mine water 
drainage.

Passive removal of acidity, iron, aluminium 
and many trace elements from acid mine 
drainage has been extensively discussed 
in recent years, but less attention has been 
focused on Mn. Although the ecotoxicological 
consequences of elevated Mn are less severe 
than the other metals, Mn loading in mine 
discharges can cause deleterious effects to 
natural watercourse and bodies. Several 
technologies for Mn removal are available 
(e.g. Hallberg&Johnson, Vail&Riley, Sikora 
et al), but limited information is available on 
their long-term success or implementation. 

New Environmental Quality Standards 
(EQS) were proposed in 2014 under the 
Water Framework Directive as applied in the 
UK recommending that Mn discharge limits 

should be based on Predicted No-Effect 
Concentrations (PNECs). Using available 
long-term ecotoxicity data for Mn, an EQS 
of 123µg/L bioavailable Mn in freshwater was 
established. In 2016, the Scottish Environment 
Protection Agency (SEPA), for example, 
identified approximately 14 water bodies in 
coalfield areas that fail to meet these proposed 
EQS limits. The 2014 EQS limits are therefore 
likely to impact future mine water treatment 
design for Mn removal, increasing land area 
required. In order to mitigate the potential 
risk, the Coal Authority is undertaking 
research into the treatment of Mn in both 
coal and metal mine waters across the UK, 
via a series of R&D reviews, monitoring and 
trials. This work has included assessment of 
Mn dynamics and removal efficiency in over 
thirty existing passive mine water treatment 
systems (MWTS), with complementary 
R&D trials investigating low footprint and 
alternative treatment technologies. 

This paper presents initial findings of 
the efficiency of our passive schemes with 
respect to Mn removal, which consist of a 
combination of one or more of settlement 
lagoons and wetlands, along with an 
introduction to the coal mine water R&D 
currently being completed at the Coal 
Authority. This paper is not a full review of 
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our data to date, nor an exhaustive account 
of all R&D treatment technologies that 
are available or may be applicable for Mn 
removal from mine waters, but an interim 
report of findings on ongoing works that the 
Coal Authority are undertaking on Mn in 
Coal mine waters in the UK.

Methodology
As part of the Coal Authority’s R&D pro-
gramme, a series of investigations have been 
completed on our coal mine waters at our 
existing MWTSs, to both understand the 
Mn dynamics in our existing schemes (Mn 
removal) and to identify new technologies/
methodologies that may be suitable to 
remove Mn from our coal mine waters. These 
new technologies would be used either as a 
standalone system for Mn removal, or as a 
‘bolt-on’ support to our existing treatment, as 
a ‘polisher’.

The works being undertaken as part of 
our Mn-focused R&D research consist of 
the following key areas, which are being 
undertaken in two parallel, contemporary 
activity streams and are both still ongoing.

Activity stream 1: Assessment of Mn dynamics 
in our current MWTSs:
1. Identify mine water discharges containing 

Mn (>0.5mg/L) at Coal Authority 
MWTSs (the candidate sites), and review 
their sampling regime, geochemistry and 
current Mn removal dynamics. 

2. Design and undertake a focussed sam-
pling campaign on each of these candidate 
sites to focus on Mn removal dynamics 
within each component of the scheme 
(settlement ponds, reed beds)

3. To analyse the findings and to assess key 
factors that promote Mn removal within 
our MWTSs

Activity stream 2: Assessment of key new 
technologies that could be used as standalone 
treatment systems or as a bolt on to our exiting 
schemes:
1. Compile a short list of MWTSs and other 

sites that could be used as candidates for 
Mn removal trials, focusing on assessing a 
range of different mine water chemistries 
(i.e. low and high Mn, net alkaline, net 
acidic, variable Fe and other metals) 

2. Undertake a literature review of existing 
and available technologies for Mn 
removal.

3. Assess the feasibility and design of pilot 
(field based) trials on the shortlisted mine 
waters from a selection of the identified 
candidate sites, followed by one or more 
field scale trials. 

4. Based on the pilot results, identify key 
locations where Mn treatment systems 
could be placed at the end of scheme as a 
Mn ‘polisher’.

Results
Manganese removal within our Passive 
MWTSs:
Typically, our passive treatment scheme 
configuration adopted in the UK for coal 
mine water (and ironstone mine water) 
remediation comprises of aeration cascades, 
settlement lagoons and reed beds. Reed beds 
are generally planted with common reed 
(Phragmites australis) and bull rush (Typha 
Latifolia) with marginal vegetation consisting 
of sedges and rushes and grasses. Initial 
analysis of our data showed that although it 
is not part of our consented permits, many of 
our schemes successfully remove Mn. What 
was unclear was both where and how this 
Mn is removed within the schemes, as our 
permit monitoring, apart from iron, does 
not routinely examine the metal removal 
efficiency of each scheme component (ponds, 
reed beds, etc).

Thirty-one sites were chosen (based on 
an influent Mn concentration of >0.5mg/L) 
as suitable sites on which to perform an 
in depth sampling campaign, in order to 
identify the location and fate of Mn in our 
treatment systems. The study sites are listed 
in Table 1, the majority are of a circum-
neutral pH, ferruginous pumped coal mine 
water from Carboniferous Coal Measures 
strata with variable chemistry. Manganese 
concentrations in raw waters across these 
sites range from 0.88mg/L to 4mg/L, with an 
average across all sites of 2mg/L.

These works were carried out between 
February 2019 and March 2021 and con-
sisted of a bespoke sampling regime at each 
site, focusing on Mn removal in the reed 
beds. Water samples were taken alongside 
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the routine consented monitoring by our 
operational contractor, with flow rates 
through the schemes taken either from pump 
abstraction rates or via weir plate reading at 
discharge.

The key results from our schemes 
indicate that the majority of the Mn in the 
MWTSs is almost exclusively removed and 
held within the reed beds, as shown in Figure 
1. This confirms not only that our schemes 
are successful in removing Mn, but can 
remove up to 89%, with an average removal 
across all of our schemes of 50%. Assembled 
chemistry data (manganese, iron, alkalinity, 
acidity, salinity, pH and dissolved organic 
carbon), along with assessment of flow 
data is ongoing, however initial assessment 
of the data does not show any immediate 
relationship between the Mn removal rates 
and flow, iron concentration, chemical 
dosing and reed bed areas. 

Biotically mediated (plant, microbial, 
mycorrhizial etc.) removal of Mn is likely to 
be one of the key mechanisms that will be 
influencing the efficiency of Mn removal in 
our reed beds. This, along with assessment 
of how seasonal trends, flow rates and 

operational and maintenance events can 
impact treatment efficacy are currently being 
investigated.

Assessment of key new technologies:
Over the last few years numerous field scale 
trials have been undertaken by the Coal 
Authority using a range of novel substrates, 
including natural fibres (hemp and coir), 
fish bone apatite, and biological filter media 
(Bioballs®; Warden Biomedia), along with 
mineral substrates such as Basic Oxygen 
Steel Slag, limestone and granite. R&D trials 
have been in general undertaken at IBC 
scale (International Bulk Container, 1,000L 
volume), and always at the site on the ‘fresh’ 
raw mine water rather than laboratory scale. 
This is critical to ensure representative results, 
as both the microbiology and geochemistry 
of water will change when transported away 
from the source site, such as to a laboratory.

Results from an ongoing trial of coconut 
coir at a coal mine water treatment scheme 
in the North West of England is presented 
as an example of the potential of alternative 
treatment technologies for manganese 
removal. A trial was installed at Summersales 

Figure 1 Summary of manganese removal as g/m2/day from a selection of Coal Authority Mine Water 
Treatment Schemes, for the period February 2019 to March 2021. 
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Site Total treatment 
area (reed 
bed area in 
parentheses)

Flow 
average

Number
Lagoons

Number 
reed beds

Mn 
conc. 
Raw

Mn 
removal

Removal 
rate reed 

beds 

Total 
removal 

rate 
scheme

m2 L/s mg/L % g/m2/day

Aspull Sough 6893 (3230) 27.9 3 3 2.67 53 0.85 0.49

AWinning 11434 (6977) 76.2 2 1 0.88 78 0.61 0.40

Bates 19522 (8382) 205.9 4 3 3.2 39 2.46 1.15

Blaenavon 4803 (4803) 12 0 3 1.68 89 0.32 0.32

Blindwells 16960 (16960) 153.3 0 3 2.27 41 0.73 0.73

Blenkinsopp 9312 (2909) 25.1 2 2 1.64 87 1.03 0.33

Bridgewater 
Canal

22500 (15000) 54.6 3 6 2.31 79 0.41 0.38

Chell Heath 2900 (2900) 20 0 8 3.23 46 0.88 0.88

Clough Foot*1 4938 (1738) 25.1 2 1 2.07 14 0.15 0.12

Craig Y Aber 5750 (3318) 31.1 2 2 2.66 76 1.51 0.94

Downbrook 3783 (1267) 19.1 2 1 1.38 79 1.38 0.48

Ewanrigg 6400 (4800) 7 2 1 1.62 84 0.13 0.13

Frances*1 26710 (-) 125.7 3 0 4 12 N/A 0.19

Glyncastle 5532 (2761) 17.3 2 3 1.57 87 0.65 0.37

Saltburn*2 15000 (4500) 21.6 4 1 2.7 80 0.72 0.27

Hockery Brook 7530 (4500) 25 2 1 2.04 74 0.61 0.43

Horden 16715 (10400) 46.2 2 2 1.83 18 0.17 0.08

Kames 4000 (3634) 6.4 1 4 1.98 80 0.24 0.22

Mountain Gate 2385 (2385) 17.4 0 2 1.11 62 0.35 0.43

Mousewater*3 11200 (8900) 48.7 1 2 1.74 11 0.04 0.07

Polkemmet*3 6025 (4325) 66.3 2 1 2.41 9 0.21 0.20

Pitfirrane Day 
Level

17868 (17861) 27 0 2 1.904 59 0.15 0.15

Pemberton 6629 (3069) 13 2 3 1.02 58 0.16 0.10

Pool Farm*2 5538 (4839) 71.2 1 1 2.29 8 0.10 0.20

Sheephouse 
Wood

4160 (1400) 10.1 2 1 2.03 34
0.26

0.14

Silkstone 815 (611) 8.6 1 1 2.16 2 *4 0.05

Silverdale 5471 (4331) 37.4 2 1 1.8 38 0.42 0.41

Stoney Heap 3160 (960) 10.3 2 1 1.7 62 0.76 0.30

Strafford 7025 (6130) 57.4 1 3 0.91 63 0.42 0.4

Summersales 5368 (2168) 17.8 2 1 1.75 81 0.89 0.41

Ynysarwed*5 9894 (9894) 11.5 0 2 1.51 14 0.02 0.02

Table 1 Summary of flow, area and Mn data from a selection of Coal Authority Mine Water Treatment 
schemes February 2019 - March 2021
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MWTS (Greater Manchester) in November 
2021, in a 1m3 glass reinforced plastic tank. 
The Summersales MWTS consists of two 
pairs of aeration cascades and settlement 
ponds, in series, and a reed bed. Water for the 
R&D trial is captured from the effluent point 
of settlement pond 2, and conveyed to the 
trial via a siphon.

The trial consist of a 2m long, 1m wide, 
0.5m tall tank, in which the water flows 
laterally through coir media. A header tank 
controls the flow rate into the tank at a set 
0.13L/s. This gives a total residence time 
within the reactor of between 35 and 50 
minutes, depending on porosity of the coir, 
assumed to be between 50% and 35% from 
a simple jar test, with reduction in porosity 
of the media expected over time due to 
compression of the coir and clogging of pore 
spaces with metal precipitates (Figure 2).

Results indicate that the coir was 
successful in removing both iron and 
manganese from the mine water, in what is 
most certainly a microbially mediated and 
maintained removal process (see Figure 
3). Manganese removal commenced in the 
coir reactor at around 6 weeks of operation, 
which is in line with the time taken for a 
microbiological community to establish 

in bioreactor systems (pers. obs.). There 
appears to be a steady decline in the removal 
efficiency of the coir reactor from mid May, 
suggesting that the coir has a minimum 
6 month effective life. Samples of the coir 
material were taken at 0 weeks and after 11 
weeks of operation of the trial, and analysed 
by the Camborne School of Mines. They 
have been successful in selectively isolating 
Mn oxidising microorganisms from the coir 
material from the week 11 samples; but found 
no evidence of Mn oxidising microorganisms 
identified in the time 0 samples. Further 
support for microbial process is that biomass 
extracted from the time 11 samples was 
found to be much greater than from the time 
0 (pers. comm.). DNA sequencing to identify 
the specific microorganisms present on the 
coir is currently ongoing.

Mn concentrations in the reed bed are 
also presented in Figure 3, which treats the 
full flow of 18L/s and has an area of 2,168m2, 
to provide a numerical comparison between 
the trial and the reed bed performance. A 
simple scale up calculation, based on failure/
breakthrough of the coir reactor after 6 to 7 
months, suggest that the area of a coir bed 
with over a 5 year lifetime before requiring 
changing, would be in the region of 1,250m2, 

*1 Sodium hydroxide is dosed at this site to support iron removal
*2 Metal mine treatment system treating mine water draining from an Ironstone mine
*3 Hydrogen peroxide is dosed at this site to support iron removal
*4 Sampling directly upstream of the reed bed was not possible due to scheme design
*5 Has active chemical precipitation of iron using lime slurry upstream of reed bed treatment

Figure 2 Coir R&D trial at Summersales Mine water treatment scheme, during installation and in operation 
(images: Selina Bamforth).
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which is a substantially smaller area than 
the current reed bed. Furthermore, there 
would be no reed bed preparation, planting, 
cutting, and it is anticipated that there will 
be minimal maintenance required during 
operation. So both operationally and finan-
cially, this system could be a viable and 
superior alternative to a full-scale reed bed. 
Assuming a 5-year life; this system could be 
used at a much smaller footprint for shorter-
term reactive deployment. The ‘6 week ‘start 
up time’ could also potentially be reduced by 
seeding the reactor with coir from established 
reactors at the same site.

Conclusions
It is clear that there is still a lot of data 
analysis, interpretation, and assessment to 
do as we process our results. This paper pro-
vides an update on our research aims and 
efforts, rather than an exhaustive account 
of Mn dynamics in MWTSs. Further works 
continues on operating treatment sites and 
with R&D on emerging technologies.

At the time of writing this paper, further 
investigation of non-calcareous substrates 
for Mn removal is required, with a focus on 
the surface structure of the substrate and 
the associated role of the microbiological/
biotic communities, rather than the chemical 
composition of the substrate is required. 
Coconut coir fibres have demonstrated high 
Mn removal rates over short time periods 
without any additional alkalinity and/or pH 
adjustment and warrant further investigation 
at much larger scale (both size and duration). 
This work will be done in tandem with 
assessment and interpretation of data on the 
current functioning of our reed beds. This 
combination of works, with support from 
the numerous researchers and academics 
working in the same and similar areas, 
will provide us with a robust foundation of 
understanding on how to both manage Mn 
in our current treatment schemes, and how 
to better design new schemes to remove and 
retain Mn. 

Figure 3 Manganese time series at Summersales R&D trial. ‘Mn Tank in’ is mine water that has been partially 
treated by two settlement lagoons in series, ‘Mn Tank out’ is the effluent from the coir tank, and ‘Reed Bed’ is 
the final discharge from the MWTS.
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Abstract
Sulfate salt efflorescent are typical minerals associated with acid mine waters. These 
efflorescences play relevant roles in mining environments since they are highly soluble 
and contain potentially toxic elements. Therefore, information about the stability and 
thermodynamics of these secondary minerals is essential to comprehend the possible 
behavior in dehydration reactions and, consequently, previewing seasonal cycles of 
retention-mobilization of toxic elements in mine-influenced waters. The present work 
aims to characterize the transition phases related to dehydration processes of mine-
influenced water collected in a mine site with extreme contamination the Rio Tinto 
mining area (Spain).
Keywords: Sulfate Salt Efflorescences, Mine-Influenced Water, Monitoring, 
Dehydration Process

Introduction 
Halotrichite (FeAl2(SO4)4·22H2O) and me-
lanterite (FeSO4 7H2O) are typical sulfate 
efflorescent salts associated with acid mine 
waters. Rhomboclase (HFe(SO4)2 4(H2O)) 
and voltaite (K2Fe2+5Fe3+3Al(SO4)12 18H2O), 
although rarer, may also form from the 
precipitation of dissolved ions. These secon-
dary minerals are highly soluble and can 
store and transport acidity and potentially 
toxic elements (Alpers et al. 2000). The 
evaporation-dissolution cycles control the 
crystallization process of these salts, which 
dissolution during the wet seasons might 
lead to an increase of contamination in the 
ecosystems (Valente et al. 2013). Therefore, 
information about the stability and thermo-
dynamics of these mineral phases is essential 
to comprehend the possible behavior in 
dehydration reactions and, consequently, 
previewing seasonal cycles of retention-
mobilization of toxic elements. Such infor-
mation can help to develop adequate 
monitoring and remediation schemes for 
metal-sulfide mine sites (Gomes et al. 2017).

To investigate the stability of hydrated 
metal sulfates several studies used the 
humidity-buffer technique proposed by Chou 
et al. 2002, which revealed that temperature 
(T) and relative humidity (RH) are the main 
control variables for the mineral stability 
(Chou et al. 2013). In the present work, the 
mineral precipitation process was promoted 
and accompanied through the air drying of 
mine-influenced water in the laboratory, with 
T and RH monitorization. The main goal 
was to characterize the paragenesis sequence 
related to the dehydration process and the 
stability of the neoformed minerals. Mine-
influenced water was collected in the mining 
complex of Rio Tinto (fig. 1), which belongs 
to the Iberian Pyrite Belt (IPB), one of the 
largest metallogenic provinces in the world 
(Valente et al. 2013; Olías et al. 2020). This 
mining complex constitutes an extreme case 
of pollution by acid mine drainage (AMD) 
(Olías et al. 2020), characterized by abundant 
blooms of secondary sulfate minerals. Buckby 
et al. (2003), in Rio Tinto, identified the 
following sulfate salts: melanterite, rozenite, 
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rhomboclase, szomolnokite, halotrichite, and 
others. The chemical analysis of the mixture 
of these minerals showed concentrations of 
Fe (up to 31 wt.%), Mg (up to 4 Wt.%), Cu (up 
to 2 wt.%), and Zn (up to 1 wt%), suggesting 
ability to store metals (especially Zn and Cu). 
Knowledge of the paragenesis associated with 
these mine-waters is essential for assessing 
the environmental impact of the minerals, 
predicting the evolution of AMD sites, and 
identifying effective AMD remediation 
procedures.

Methods
A sample of mine-influenced water was col-
lected around Zarandas (Rio Tinto dis trict, 
Spain) at a channel that receives leachates 
from a rehabilitated heap rich in sulfide 
wastes (fig.  1). At the time of collection, 
typical efflorescent salts were observed, such 
as melanterite and copiapite. The sample 
was collected in polyethylene bottle (Kartel) 
and stored in cool and dark conditions 
(at 4oC) until laboratory analysis. It was 
characterized in the field for pH, electrical 
conductivity (EC), temperature, and oxi-
dation-reduction potential (ORP) with por-
table multiparametric equipment. In the 
laboratory, acidity and sulfate were obtained 
using volumetric titration and turbidimetry 
methods (Standard method 2310 B and 4500-
SO4

-2 E), respectively.

The air dehydration experiment of this 
AMD-water was conducted for 135 days, 
to evaluate the temporal evolution of the 
mineral phases. The experiment consisted of 
5 mL of sample in a porcelain vessel and air 
drying according to the laboratory conditions. 
During the first 37 days the precipitation of 
was accompanied through visual inspection. 
After that period, T and RH were measured 
with HANNA digital Thermo-hygrometer 
HI9564 (probe HI 70602). Mineral phases 
were morphologically characterized by a 
binocular lens and sorted for X-ray diffraction 
(XRD) and scanning electron microscopy 
(SEM-EDX). Each sub-sample was analyzed 
with the diffractometer operating at 40 kV and 
30 mA, while for SEM-EDX the microscopy 
worked at 20 keV and samples were gold-
coated. To evaluate the temporal evolution of 
the amount of voltaite, digital image analysis 
was performed on the photographic record, 
where the method used was Pixel counting 
proposed by Coimbra and Olóriz (2012).

Results and discussion
Chemical analysis reveals that water is highly 
acidic with 96,250 mg/L of CaCO3 and 
pH of 1.13, and extremely sulfated with a 
concentration of 2,569,152 mg/L (tab. 1). This 
blue-greenish AMD-water was 90.31 mS/cm 
of EC and 356 mV of ORP at 23oC. 

Figure 1 (A) Detailed map of Río Tinto mining district (adapted from Olías et al. 2020) and (B) sampling site 
in Zarandas area (Rio Tinto, Spain).
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A phase with the green-emerald color 
of melanterite precipitated during first two 
days of the air dehydration experiment. 
Small black patches, typical of voltaite, were 
observed after seven days of dehydration. 
During the sample air drying, the T and RH 
range was 15 °C to 20 °C and 21% to 68%, 
respectively. Figure 2 shows the variation of 
these two parameters with sample photos 
captured at the minimum and maximum 
moments of RH points. At high RH, the 
sample presents highly soluble efflorescences 
such as melanterite and halotrichite, the first 
neoformed minerals crystallized (fig. 2). The 
voltaite appears when the RH decreases, 
revealing that lower humidity promotes 
its formation (fig. 2 and 3). In the case of 
melanterite, this mineral begins to dehydrate 
and the blue-green color change to white 
color, showing the switch to a less hydrated 

phase. This new mineral is rozenite, a ferrous 
sulfate salt with a lower number of water 
molecules that can occur when RH is below 
60% and T is between 10 to 20 °C (Chou et al. 
2013). In addition, a less hydrated phase that 
appear at lower RH was szomolnokite. Behind 
the voltaite and rozenite-szomolnokite, the 
rhomboclase is another sulfate that appears 
when the RH decreases (fig. 2). 

The temporal evolution of the amount 
of voltaite is represented in figure 3, which 
demonstrates that when RH was lower the % 
of voltaite was higher.

The neoformed minerals identified in the 
lab test are summarized in table 2. Figure 4 
shows the paragenetic sequence observed, 
with respective XRD and SEM-EDX results. 
Melanterite was the first hydrated iron sulfate 
salt formed, with a blue-green color and 
a prismatic habit as shown in fig. 4a. The 

pH EC ORP T Sulfate Acidity

mS/cm mV °C mg/L mg/L of CaCO3

1.13 91.31 356 23 2, 569, 152 96,250

Table 1 Chemical proprieties of the mine-influenced water collected in the Zarandas mine (Rio Tinto, Spain).

Figure 2 Temporal variation of the RH and T and images of the neoformed minerals.
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following mineral phases were observed: 
halotrichite, which is an aluminum-iron 
sulfate salt and rhomboclase, an iron sulfate 
mineral. Both minerals were white to 
colorless (fig.4b). However, with distinct 
morphologies, halotrichite showed the 
typical aggregates of “hair-like crystals”, while 
rhomboclase had prismatic habit. Voltaite has 
black color with a cubic to octahedral form, 
composed of potassium, iron, and sulfate 
(fig. 4c). In the highly dehydrated stage of the 
test lab, the XRD analysis reveals the presence 
of the rozenite/szomolnokite phases (fig. 4d). 
Rozenite and szomolnokite are both iron 
sulfate salts with differences in the number 
of waters of hydration. The first one can have 
a white or pale green color and a prismatic 
habit, while the other has pale yellow color 
and forms fine-grained crusts.

Conclusions
Air dehydration experiment showed that 
the sequence of sulfate precipitation was 
mainly influenced by RH variation. In this 

case, the temperature (around 15-20 °C) 
had no relevant impact on the precipitation 
of the sulfate minerals since remained 
relatively stable. The paragenesis sequence 
associated with this extremely contaminated 
water was: first melanterite-halotrichite; 
in a second stage occurs the formation of 
voltaite due to the decrease of humidity and 
rozenite starts to appear; and finally, there 
is the mineral assemblage rhomboclase-
halotrichite-voltaite-rozenite/szomolnokite. 
Although there are some variations in the 
order of pre ci pitation, the experiment illu-
strated the general sequential crystal lization 
of the soluble metal salts earlier described 
by Buurman (1975). The experiment also 
revealed that voltaite formation occurs 
when the RH is below 65%. Therefore, lower 
humidity was the main contributor to their 
formation. Finally, the transformation of 
melanterite into rozenite was observed for RH 
between 40 and 30%, which is in concordance 
with previous studies (Chou et al. 2013).

Figure 3 Temporal evolution of the % Voltaite and RH variation.

Table 2 Inventory of identified efflorescent salts.

Mineral Abbreviation Ideal Formula

Melanterite Mln FeSO4 7H2O

Halotrichite Hth FeAl2(SO4)4 22H2O

Rhomboclase Rbc HFe(SO4)2 4(H2O)

Voltaite Vlt K2Fe2+5Fe3+3Al(SO4)12 18H2O

Rozenite Rzn FeSO4 4H2O

Szomolnokite Szo FeSO4 H2O
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Figure 4 Paragenetic sequence of the neoformed minerals during the air dehydration experiment.
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Abstract
To ensure long term stability of a tailings storage facility (TSF) and impounding earthen 
embankment which has entered the end of life closure phase, a Willowstick geophysical 
groundwater seepage investigation was conducted to characterize problematic 
groundwater flow paths into and out of the TSF. Previous studies yielded mixed results 
and were unsuccessful in identifying groundwater flow paths and patterns infiltrating 
the impoundment as well as preferential seepage flow paths escaping the impoundment. 
This paper will discuss the application of the Willowstick method and the results of the 
investigation to help the Client determine targeted remediation efforts for successful 
closure.
Keywords: Targeted Remediation, Groundwater Flow Paths, Seepage, Willowstick, 
Geophysical Method
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Introduction 
One of the greatest challenges facing the 
mining industry, with regard to active mining 
practices and eventual mine closure, is the 
long-term liability involved in requirements 
to monitor and protect groundwater. 
Groundwater quality can be a perpetual 
concern and understanding the source, 
location and distribution of groundwater 
into and through tailings structures is 
becoming increasingly more important for 
the successful operation and eventual closure 
of the TSF. This paper considers a high-speed, 
minimally invasive mapping technology 
called the Willowstick Method. This method 
has been specifically designed for mapping 
preferential flow paths or areas of highest 
interconnected porosity (transport porosity) 
within the subsurface. The method has proven 
effective in delineating and characterising 
subsurface aqueous systems in many complex 
hydrogeologic settings for numerous mining 
clients in a variety of applications. 

Willowstick Method Overview
The Willowstick Method is a unique 
application of magnetometric resistivity 

(MMR) (Jessop, Jardani, Revil and 
Kofoed, 2018). Most earthen materials are 
fundamentally electrical insulators with 
electrical conductivities ranging between 
10-12 and 10-17 S/m. Yet in situ measurements 
of electrical conductivities range from 
10-1 to 10-8 S/m, which is many orders of 
magnitude higher. This discrepancy is due 
to the conduction of electric current by way 
of ions dissolved in the groundwater. After 
determining the groundwater of interest, the 
method involves placing electrodes in direct 
contact with the groundwater to create an 
alternating current (AC) electric circuit that 
follows the groundwater’s natural course. A 
specific signature frequency is used, 380 Hz, 
which avoids the harmonics of the power 
frequencies that are in common use around 
the world. With adherence to the Biot-Savart 
Law, which precisely describes how magnetic 
fields are generated by electric currents, the 
distribution of subsurface electric current 
flow can be mapped by carefully measuring 
the magnetic field with a portable instrument 
that has been designed for this purpose.

Figure 1 shows an illustration of the 
instrument, which is hand-carried to 
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each measurement station. The principle 
components of the instrument are a 
magnetic field receiver, a global positioning 
system (GPS) and a handheld computer. 
The magnetometer consists of three coils 
arranged orthogonally. The magnetic coils 
are high-inductance and yet compact due 
to a proprietary design. The inductance 
of each coil is approximately 90 Henries. 
The size is about 5.7 cm in length and 3.8 
cm in diameter. As a critical element to 
data processing, measurement station 
coordinates are obtained from the GPS 
and recorded with the magnetic field 
data. These magnetic field components 
are then measured at numerous stations 
to define the electric current’s subsurface 
distribution and flow patterns. Magnetic 
field data is processed and compared to the 
predicted magnetic field from a theoretical 
homogenous earth model to highlight the 
deviations from the uniform model. Finally, 
magnetic field contour maps and inversion 
models are created and interpreted in 
conjunction with other hydrogeologic 
data to provide enhanced definition of 
preferential groundwater flow paths.

Similar to an angiogram, which uses 
radioactive dye as a contrast agent to image 

Figure 1 Willowstick instrument

and visualise the flow of blood through the 
human body, the Willowstick Method uses 
a signature electric current as a contrast 
agent to image and visualise the location 
of water through the subsurface (Figure 
2). The application of the methodology is 
based on the principle that, as a general 
rule, water infiltrating and flowing through 
mine workings substantially increases the 
conductivity of the earthen materials through 
which it flows.

Case Study
Background
As part of TSF closure operations, the mine 
owner in Mexico has actively monitored 
groundwater conditions in and around the 
TSF. Water monitoring and treatment is 
frequently part of these TSF closure plans 
(Lottermoser, 2012). In 2019, the mine owner 
contracted Willowstick Technologies to help 
characterize preferential groundwater flow in 
and out of the tailings impoundment with the 
expectation that the results would improve 
future monitoring and possibly help the 
owner identify remediation measures.

Approach to the Work – Six study areas 
were conducted on the Tailings Dam to bias 
electric current perpendicular to each study 
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area. These six study areas resulted in six 
surveys named Survey 1 through Survey 6 
for simplicity. Surveys 1 and 2 and part of 
Survey 3 covered the eastern embankment of 
the tailings storage facility (TSF). Surveys 4 
and part of Survey 3 included the southern 
embankment of the TSF. Surveys 5 and 6 
covered the western embankment of the TSF. 
Due to access restrictions, a survey of the 
northern abutment of the TSF against the 
mountain was not part of the investigation.  

Figure 2 Angiogram (left) and Willowstick Method (right)

Each survey had measurement stations 
on a 15m by 15m grid. The grid spacing 
was adequate to obtain sufficient details and 
resolution for identifying preferential electric 
current flow paths. The field work took a total 
of 7 days to complete and the total size of 
the surveyed area was 75,000 square meters. 
Figure 3 shows the survey layouts conducted 
at the Mexico Tailings Dam. For illustration 
purposes, we will focus our results on Survey 
4 only.

Figure 3 Survey Layouts (Plan View)
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To map infiltration at this site, an electric 
current of specific signature frequency 
was applied by energising from each of 
several upstream locations to the tailings 
impoundment to detect preferential paths 
coming into the impoundment. Then 
electrodes were placed to energise from the 
impoundment to each of several downstream 
locations to detect preferential paths escaping 
the tailings impoundment (Kofoed et al. 
2011). For each configuration, as electric 
current flowed between electrodes, it 
generated a signature magnetic field that was 
measured within the appropriate study area 
(see Figure 4).

The methodology also incorporates a 
prediction of the magnetic field response 
for any given electrode configuration, 
assuming a homogenous subsurface. The 
measured magnetic field is compared to this 
uniform case distribution to bring out any 
heterogeneity or preferential flow of electric 
current. The processed data was used to 
create a map for a two-dimensional (surface 
level) interpretation of preferential flow paths 
(see Figure 5).

The data was then processed through 
an inversion algorithm to generate a three-
dimensional (3-D) model of electric current 
distribution. This model was presented within 
the framework of a 3-D site model, creating 
a powerful tool to explore and explain how 
electric current (interpreted as preferential 

Figure 4 Survey Setup 

groundwater paths in this case) potentially 
infiltrates and escapes the impoundment (see 
Figure 6).

Results
For Survey 4, two flow paths highlighted with 
yellow lines were identified which combine 
into a single flow path that continues through 
the dam (see Figure 7). The dark green 
area, highlighted by a dashed black circle, 
identifies where electric current is most 
concentrated downstream of the dam.  This 
anomalous area is believed to be evidence 
of an old paleochannel that crosses beneath 
the TSF. It appears that the foundation of the 
dam was erected deep enough to cut off the 
paleochannel and thus trapping water behind 
the Impoundment.

Conclusion
The results from the Mexico tailings 
impoundment show how the MMR method 
can be used as a non-intrusive approach to 
supplement known geological, geotechnical, 
hydrological and groundwater information 
to enhance the knowledge of the tailings 
impoundment’s seepage, stability and integrity 
conditions. The MMR method is superior to 
other geophysical methods for characterizing 
groundwater flow paths because the signature 
electric current targets the groundwater of 
interest and identifies preferential flow paths. 
The technology can also be applied to areas 
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Figure 5 Steps to Create Data Results and 2D Maps

Figure 6 3-D Electric Current Distribution Inversion Model

that are difficult to access, because each 
measurement is collected in freespace, where 
traditional well drilling equipment and other 
geophysical techniques cannot access.

This information can then be used to 
cost-effectively support the design of tailings 
impoundment stabilizations and future 
tailings impoundment raising, ultimate 

closure and post-closure and to provide long-
term safety and stability. 
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Figure 7 Summary Results for Survey 4
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Abstract
High precipitation, dams, and waterworks make the Harz Mountains a large freshwater 
supplier. But, challenges arise based on climate change and extreme weather events. Old 
mine working can support water management if integrated into the system. Successful 
planning and integration need a holistic understanding of the regional water cycle, the 
current situation of the mine workings and the interaction. The development of a hydro-
analytical water management tool establishes a link to analyse excavation utilisation 
enabling adaptive water management. A hybrid model approach is used to simulate and 
forecast regional water quality developments using AI systems supporting the decision-
making for additional measures and identifying chances to adapt to climate change.
Keywords: Mine Heritage, Harz Mountains, AI, Digital Technologies, Climate Change

Introduction 
More and more regions have to adapt to 
extreme weather events in the course of 
climate change. sudden heavy rainfall or 
prolonged heavy overland rainfall followed 
by flooding or increasing dry periods are a 
challenge for many regions. Mountain regions 
are particularly important for the water 
balance (Viviroli and Weingartner 2007), as 
the average precipitation levels are often up 
to 1600  mm per year or higher due to the 
uphill rainfall. Regions in the rain shadow of 
the mountains often only have annual mean 
precipitation in the range of only 500  mm 
per year or even less. At the same time, 
there is a risk of flooding in the surrounding 
countryside (Tonn 2002). Climatically, 
the Harz Region is one of the areas with 
the highest precipitation rates in Germany 
with its annual precipitation of 1326  mm 
on the Clausthal plateau. Furthermore, its 
storage capacity based on six dams in the 
western Harz and four groundwater works 
from the interconnected system of the 
Harzwasserwerke GmbH (HWW) supplies 
around two million people and numerous 
important industrial companies from the 
Harz Mountains to Bremen with drinking 
water every day (Harzwasserwerke GmbH 
2022). The low mountain range not only 

has a special status due to the UNESCO 
World Heritage the “Upper Harz Water 
Regale”, but the water quality also stands 
out in comparison to many other areas 
in northern Germany (Niedersächsischer 
Landesbetrieb für Wasserwirtschaft Küsten- 
und Naturschutz 2019) and is therefore not 
only of special water management relevance 
for areas with nitrate-polluted aquifers but 
also for regions in the rain shadow of the 
Harz Mountains with an annual average of 
only 481  mm precipitation over 50  years 
(Harzwasserwerke GmbH 2022). If the 
current supply system is not expanded, 
the HWW see the challenge that as a result 
of climate change and the simultaneously 
increasing demand of the user region, the 
supply and quality of water will be limited in 
the medium and long term and flood events 
such as those in Goslar in 2017 will increase. 
The demand in terms of quantity and quality 
concerns not only the (drinking) water 
supply but also the provision of sufficient 
(cooling) water for industry, such as the 
chemical plants in Langelsheim, the sewage 
treatment plant pipelines, and agricultural 
operations in the foreland. In addition to 
quantity, temperature trends, microbiological 
parameters, pH and potentially toxic 
elements are of particular interest for regional 
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water management. Due to the high annual 
precipitation rate and the already existing 
underground cavities due to the centuries 
of mining history, their potential as water 
reservoirs should be investigated to actively 
integrate them into the current water supply 
network. Therefore, the Clausthal University 
of Technology (CUT), the Harzwasserwerke 
GmbH (HWW), and the Federal Institute for 
Geosciences and Natural Resources (BGR) 
have set the goal of developing the potential 
of the Harz Mountains as a water and energy 
management region in a holistic, digital 
way and thus establishing a basis for further 
research into water and energy storage in 
above- and underground spaces around the 
area. 

Geology and hydrogeological 
features of the study area 
With a length of about 90 km in an NW-SE 
direction and a width of about 30 km in a NE-
SW direction, the Harz is the northernmost 
low mountain range in Germany. It is 

essentially built up of Palaeozoic rocks 
(Devonian and Carboniferous) and is uplifted 
by several 100 m compared to the surrounding 
foreland (Figure 1). Striking marginal 
fractures separate it from the Harz foreland, 
which is characterised by the Germanic 
Triassic. For example, the “Harznordrand” 
fault runs from NW to SE. Here the Harz 
block drops suddenly from altitudes of 
around 600  m to 200-400  m at the Harz 
rim. Altogether, the Harz Mountains can be 
subdivided into four geographical units. This 
geological description focuses on the north-
western Upper Harz, as the economically 
most important mining districts with their 
drainage systems are located in this area. Silver 
bearing galena sphalerite and chalcopyrite 
were the main minerals mined from the 
hydrothermal veins. The Upper Harz belongs 
to the geological unit of the Clausthaler-
Kulmfaltenzone, which is a plateau of folded 
Lower Carboniferous siliceous and clayey 
shales with thick greywackes (turbidites) 
at about 600  m above sea level (Liessmann 
2010). This unit occupies most of the Upper 

Figure 1: Overview of the location of the study area and the geological framework (Modified after Bozau et 
al. 2017).
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Harz (Müller and Franzke 2014). As these 
formations have low permeabilities, only a 
small part of the precipitation contributes 
to groundwater recharge. A large part 
is discharged as surface runoff into the 
surrounding receiving waters and ditches, 
abandoned mine buildings, drainage adits, 
lakes, and dams (Figure 2). Water movement 
occurs mainly along hercynian (SE-NW) 
fissure and fault systems at depths of tens of 
meters. The near-surface aquifer is fed mainly 
from accumulating precipitation water. This 
leads to rapid water exchange processes and 
thus to short residence times of the water 
within the Paleozoic bedrock, which results 
in less mineralisation of the Harz waters 
(Alicke 1974). The percolating part of the 
precipitation water moves as hypodermic 
runoff within the weathering zone and can 
escape as infiltration water due to the partly 
steep morphological conditions and flow 
to the receiving waters. The near-surface 
groundwater flow direction is oriented to 
the morphological conditions. The outflow is 
from the highlands to the receiving waters in 
the lowlands. The runoff is controlled by two 
large watersheds in the Harz Mountains. One 
watershed runs NNE - SSW across the High 
Harz, between Wernigerode and Braunlage, 
and separates the catchment areas of the 

Weser and Elbe. Another watershed runs 
parallel to it, separating the runoff to the S 
and the N respectively (Müller and Franzke 
2014).

Methodology and previous research
The idea of WSH 2050 is to optimally 
utilize and, if necessary, expand the storage 
capacity of the Harz Mountains to specifically 
buffer sudden rainfall and store it for later 
demand. Since the hydrography of a region 
has a mutual interaction with geological, 
morphological, climatic, and pedological 
factors, these must be analyzed together. 
Additionally, there are numerous mines and 
drainage adits from the mining history, as 
well as the effects of biotic and abiotic forest 
dieback in the Harz Mountains, which must 
be included in the considerations. Although 
there is information on the individual 
components, there are currently no digital 
tools that allow all parameters to be linked 
and interacted for holistic water management 
of the region. The project has so far been pre-
and funded by the Lower Saxony Ministry 
of Science and Culture (MWK) to develop a 
concept within one year, check the technical 
feasibility, identify challenges and limitations 
of the project, select suitable technologies 
and involve further project partners. A 

Figure 2: Schematic overview of the waterway network in the Upper Harz Mountains (Modified after Bozau 
et al. 2017).
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strongly interdisciplinary consortium is 
working together to bring all hydrographic 
factors together in one database (single 
source of truth). The consortium currently 
consists of six interdisciplinary institutes of 
CUT, the Leichtweiß Institute (LWI) of TU 
Braunschweig, the Northwest German Forest 
Research Institute, the Department of Mining 
Archaeology of the Lower Saxony State 
Office for the Preservation of Monuments, 
the Federal Institute for Geosciences and 
Natural Resources (BGR) and the HWW. 
As part of the previous project “Energy 
and Water Storage Harz” (EWAZ), the 
Hydrogeology, Water Management, and 
Water Protection (HYWAG) department of 
LWI has already combined a spatially high-
resolution hydrological water balance model 
with a model for the operation of individual 
reservoirs or interconnected storage systems 
in the Western Harz with climate models 
to simulate the system services: Flood 
protection, low water elevation, drinking 
water supply as well as power supply using 
energy storage to simulate. The planning 
version of the hydrological software PANTA 
RHEI developed at HYWAG was used 
for the hydrogeological modelling. This is 
a deterministic semi-distributive model 
in which the overall catchment area is 
subdivided into high-resolution sub-areas. 
These sub-areas are also subdivided into 
the smallest hydrological calculation units 

(hydrotropes) according to land use, soil 
attributes, and topography. Although the 
leaf area index is included here in the annual 
cycle and the crop rotation of the long-
term economy, current changes in the forest 
stand due to the bark-beetle and the last dry 
summers and storms would have to be added. 
The linked storage operation model IGOmod 
is based on the software Gecko and is used to 
model arbitrary interconnected systems and 
operation rules for multi-purpose storage. 
PANTA RHEI provides the natural inflows 
of the reservoirs, while IGOmod is used 
to simulate the water volume operation of 
individual reservoirs and interconnected 
reservoirs and their transfers. Parameters 
taken into account in the combined model 
are meteorological time series, processed 
as spatial data fields from data of the water 
management authorities, the HWW, and 
results of the project Climate Impacts on 
Inland Water Management in Lower Saxony 
(KliBiW) (Nistahl et al. 2021). Furthermore, 
the storage model also includes single areas 
of underground mining cavities. In the WSH 
2050 project, this already existing combined 
model is to be extended to include the entire 
underground system. This expanded model 
is intended to serve as a management tool 
that enables targeted forecasts about holistic, 
adaptive water management of the region 
while reducing conflicts of use by generating 
various options for action for different issues 

Figure 3: Overview of the aspects of WSH 2050 as a holistic model of the water management region of the 
Harz
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and simulating and comparing their influence 
on water quality and quantity so that the 
current water demand by the Harz can also 
be ensured in the future (Figure 3).

A total of five constructive and operational 
variants of water and energy management 
(new constructions, extensions, transfers) are 
considered in the EWAZ project to investigate 
possible effects on the water balance of the 
region for the four previously mentioned 
and partly competing target variables. In an 
interim result, it was shown that already a 
multifunctional (pumping) storage coupled 
with an existing dam would significantly 
improve flood performance in the future, 
in addition to improvements in the other 
system performances mentioned. Therefore, 
the connection of underground storage 
systems offers significant added value for the 
region, especially considering the climate 
change adaptation strategy (Specificity of 
underground storage) (Nistahl et al. 2021). 
However, the utilization of the already existing 
historical mining cavities as water reservoirs 
is restricted by the following requirements:
1. No degradation of the water qualities due 

to former mining activities during storage 
(e.g. due to convection from deeper 
flooded mine areas)

2. Sufficient knowledge about the whole 
underground system consisting of 
mine buildings, drifts, and drainage 
adits to make statements about system 
interrelationships and stability

3. Economically viable implementation

At present, only isolated data by (Bozau et al. 
2017) on water quality exist for the system 
of water drainage adits in the Upper Harz 
Mountains due to the difficult accessibility 
and the complex sampling conditions. 
Information on the geometry of the adits, 
drifts, and mine buildings is available in the 
form of partially digitized vertical sections, 
but the current condition of the cavities is 
not sufficiently known to make statements 
about the actual storage volume, the 
hydraulic connection of the adits and mine 
buildings to each other or to investigate the 
effects of hydraulic engineering measures 
on the overall system and its stability. These 
challenges must be met with the help of the 
latest sensor technology, which is adapted 

to the difficult environmental conditions 
underground. To meet these challenges, the 
two largest drainage adits of the Upper Harz 
(“Ernst-August- und Tiefer-Georg-Stollen”) 
as well as the above-ground catchment area 
of the “Dammgraben”, which receives its 
water from the area of six Harz rivers, are 
to be investigated and several sub-projects 
are currently being proposed. One project 
seeks to determine the condition of the 
underground flooded mine workings using 
a diving robot. In another project, a long-
term monitoring network with the help of 
AI-based “virtual” sensors of the longest and 
youngest water drainage adit in the Harz 
Region is to be developed. In addition to 
the difficult accessibility of the underground 
systems, a particular challenge in WSH 2050 
is the fusion of heterogeneous data sources 
and their sustainable management and the 
fact that not all subject areas are at the same 
level of digitization. 

Conclusions and Outlook
Due to its geographical location, the Harz 
region is of particular water management 
relevance for Lower Saxony. To design 
efficient water management for the region, all 
hydrographic parameters must be considered 
together. At present, no technology enables 
a holistic approach. In the first phase of the 
project, the following challenges arose:
1. Development of a uniform data man-

agement for a multitude of heterogeneous 
data

2. Restricted digital availability of data
3. Insufficient data density for water quality 

resulting in a long-term need for a 
measurement data network

4. Form and actuality of geometric data of 
underground systems

To meet these challenges, different state-of-
the-art technologies and sensor techniques 
need to be combined into one model. 
Currently, various works are taking place 
at the Institute of Mining to create a digital 
model of the underground system and support 
it with different technologies. The wholistic 
model can support actions against different 
regional, national, and global challenges 
and the methodology of its development is 
transferable to other regions.
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Abstract
The abandoned copper mine Parys Mountain has large areas of unconsolidated mine 
waste, lagoons of polluted water, and substantial subterranean workings. It annually 
discharges 34 t of metals into the Irish Sea. Wood ash amended biochar has the potential 
to be deployed to remediate Acid Mine Discharge (AMD). This study demonstrated that 
biochar can immobilise metals of concern (Zinc and Copper) from Parys Mountain 
AMD. Maximum measured immobilisation was 4.1 ± 0.4 mg/g for zinc and 4.1 ± 0.0 
mg/g for copper with removal percentages up to 100%. Immobilisation mechanisms were 
precipitation and capture by biochar, ion exchange and co-precipitation. 
Keywords: Metal mine waste, Biochar, Treatment, Remediation

Metals Removal from Acid Mine Water by 
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Introduction 
Historic metal mining has led to metals 
of concern affecting over 2,500 km of 
watercourses in the UK. Acid mine drainage 
(AMD) from Parys Mountain has a pH of 
2-3 and leaches metals including Zn (62 
mg/L), Cu (42 mg/L) and Cd (148 µg/L). 
These concentrations are considerably above 
European Union Water Framework Directive 
(WFD) (Water Framework Directive 2015) 
thresholds leading to the mine discharging 
10 t of Cu and 24 t of Zn into the Irish Sea 
annually (Morgan et al. 2017). 

Concentrations of Zn, Cu and Fe that 
are above WFD thresholds can potentially 
harm their surrounding environment as well 
as human health (Yi et al. 2011). Depending 
on oxidation state, complex form and 
concentration these metals are associated 
with cancers of the lung and kidney, reduced 
fertility, central nervous system problems 
and mortality (Fosmire 1990; Beyersmann 
and Hartwig 2008; Morais et al. 2012). The 
use of biochar is a potential technique to 
remediate polluted waterways caused by 
acid mine drainage. Biochar is the carbon 
rich product obtained from the pyrolysis of 
biomass at temperatures generally under 
900°C (Lehmann and Joseph 2009). The 
use of biochar in the remediation of metals 

in aqueous media such as motorway runoff, 
industrial effluent and mine water has been 
discussed by previous studies (Bandara et al. 
2020; Cairns et al. 2020; Gayathri et al. 2021). 
It has been highlighted as a relatively low 
cost, available and sustainable option in the 
removal of metals from water (Ahmad et al. 
2014; Wang et al. 2018). Amending biochar 
with wood ash has been reported by Cairns 
et al. (2020, 2021) as a method to improve 
biochar’s immobilisation of (post) transition 
metals. The addition of wood ash increases the 
pH buffering capacity, increases functional 
groups associated with ion exchange and 
promotes co-precipitation. 

Acid mine drainage is a recognised global 
issue; this aim of this work is to investigate 
if wood ash amended biochar (WAS) has the 
potential to be scaled up and deployed as 
an effective remediator of acid mine waters 
reducing the concentration of metals of 
concern. 

Methodology
Study Site
Parys Mountain, Anglesey, Wales 
(53°23’11”N 4°20’45”W) (Figure 1), 
was once the largest copper mine in the 
world, with both surface and subterranean 
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workings (Vernon 1996). At the start of the 
20th century it was reduced to a one-man 
operation, and despite several post war efforts 
to reopen it, it remains abandoned. Several 
adits continue to drain the subterranean 
areas of the mine, unusually for the UK these 

are acidic in nature with high concentrations 
of copper and iron. This pollution causes 
substantial deleterious effects on fauna and 
flora of the two watercourses that the mine 
discharges into (Mullinger 2004). 

Figure 1 a) Location of sampling point (Dyffryn adit) and mined area, Parys Mountain Copper Mine; b) 
location of mine within Wales (Ordnance Survey 2020)

Biochar Production
European larch (Larix decidua (L.) Mill.) 
wood chips were pyrolyzed using a pyrolysis-
gasification kiln (Pyrocal BigChar-1000). 
Pyrolysis was undertaken at a temperature of 
485–530 °C, with a retention time of ~90 s. 
Sustainably sourced wood ash was added to 
the still hot biochar at a ratio of 1:1, mixed 
for 15 min in a cement mixer to sinter the 
materials and then granulated to <3 mm 
using a Tria G1 granulator (Cairns et al. 2021). 
Wood ash was selected as an amendment due 
to its mineral fraction (specifically Ca, K, 
Mg, S, P and Si) and pH buffering capacity. 
However, the mineral fraction can potentially 
leach nutrients such as nitrates, phosphates 

and sulphates (Liang et al. 2014). Cairns et 
al; (2022) demonstrated that rinsing wood 
ash amended biochar with 200 mL of water 
per 5 g biochar removes these unbound 
nutrients and reduces leaching to below 
WFD thresholds.

Sample Collection
Water was obtained from the Dyffryn adit at 
Parys Mountain Copper Mine (Figure 1) and 
sub-divided into five identical 1 L polyethylene 
terephthalate (PET) bottles.  Each bottle was 
rinsed three times with sample water prior 
to filling. Samples were taken in April 2022 
and were stored at 4°C in line with national 
guidelines (Environment Agency 2014). 
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Sorption Experiments
Sorption batch experiments were carried 
out adding known quantities of WAS (0.05-
2.00g) to 25 mL of Parys mine water in 40 mL 
polyethylene Falcon tubes. All sorbents were 
oven dried at 105 °C for 24 h. Agitation was 
achieved on a Unitwist 400 Orbital Shaker 
for 24 hrs at ~280 rpm to reach equilibrium. 
Subsequently, the mine water was separated 
from WAS using a Medical and Scientific 
Equipment. (MSE) Blue Force centrifuge at 
3000 rpm for 15 minutes (OECD 2000). The 
supernatant was removed and acidified to < 
pH 2 with 1mL of 70% HNO3 before being 
filtered with a 0.45 µm PTFE syringe filter 
for analysis.

Base cation and Cu, Zn, Fe, P 
concentrations of the acidified supernatants 
were measured using Inductively Coupled 
Plasma - Optical Emission Spectroscopy 
(ICP-OES 5110, Agilent Technologies Inc., 
USA). Sorbent loading (q) was calculated 
from the difference between initial metal 
concentration and final metal concentrations 
in the aqueous phase: q = (ci – caq) V / W 
where ci is the initial concentration of metals 
in solution, caq is the final equilibrium 
concentration of metals in solution, V is the 
volume of solution and W is the weight of the 
biochar.

Two types of control experiments were 
included — biochar without contaminants, 
as well as contaminants without biochar. All 
experiments were performed in triplicates 
using a batch sorption equilibrium method 
(OECD 2000)

Biochar properties and metal speciation
Biochar properties were determined to 
understand their effect on immobilisation. 
The release of base cations (Ca, K, Na and 
Mg) and nutrients (P) by biochar into the 
minewater were quantified and compared 
to review possible cation exchange and 
co-precipitation. Fourier transform infrared 
spectroscopy (FTIR) was undertaken 
using a Perkin Elmer Spectrum Two FTIR 
Spectrometer measuring in the range of 
400-4000 cm-1. Absorbance measurements 
were used to detect changes to functional 

groups and minerals associated with co- 
precipitation.

Speciation analysis of the mine water 
and biochar supernatants were carried out 
using the PHREEQC (pH redox equilibrium) 
code (version 3.7.1) and the MINTEQV4 
database (Parkhurst and Appelo 1999). 
Prior to acidification the pH, temperature, 
EC, alkalinity and redox were measured 
using a calibrated Hanna Edge pH and 
EC meter, a Hanna HI-3811 alkalinity test 
kit and a calibrated Hanna Instruments 
HI98194 Multiparameter meter respectively. 
The pH, redox, temperature, alkalinity 
and concentrations of base cations, metal 
contaminants and nutrients were used as 
model inputs.

Results and Discussion
Mine Water Chemistry
Dyffryn adit was sampled in April 2022 and 
average metal concentrations were calculated. 
It was characterised by extremely high 
concentrations of Zn (68.4 mg/L), Cu (32.5 
mg/L) and Fe (427.6 mg/L). Alongside these 
metal concentrations a low pH of 2.6 and a 
redox potential of 808 mV was measured. 
The Zn, Cu and Fe are all substantially 
above WFD thresholds (Water Framework 
Directive 2015). 

Zn and Cu immobilisation by biochar
Concentrations of Zn and Cu in the AMD 
decreased in the presence of biochar. The 
maximum recorded immobilisation of 
Zn was 4.1 ± 0.4 mg/g and of Cu was 4.1 
±0.0mg/g. Increasing the biochar to AMD 
ratio increased the percentage of both Zn 
and Cu that was immobilised. The highest 
immobilisation percentage for Zn was seen 
with 0.5 g of biochar in 25 mL of AMD where 
98% of Zn was immobilised and the highest 
immobilisation percentage for Cu was seen 
with 0.2 g of biochar in 25 mL of AMD where 
100% of Cu was immobilised.

Aqueous Phase Chemistry
The pH of the AMD increased in the 
presence of biochar from 2.7 to between 3.2 
to 7.6 dependant on the quantity of biochar. 
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At a pH of above 6.5, 98% of Zn and 100% 
of Cu was immobilised and at a pH of over 
3.2, 100% of Fe was immobilised. This is 
consistent with previously reported results 
for Zn, Cu and Fe (Oh and Yoon 2013). The 
increased immobilisation of these metals 
is primarily as a result of precipitation and 
subsequent capture on the surface of the 
biochar. PHREEQC modelling indicates that 
as the ratio of biochar to AMD increased for 
Zn and Cu there was a shift from divalent 
mobile metal species to immobile species 
such as CuCO3 and ZnCO3.

P levels in the eluate change from below 
limit of detection (LOD) to 8.1 mg/L and 
21.2 mg/L when immobilisation reduces for 
Zn and Cu. The most prevalent naturally 
occurring chemical derivative of P is 
phosphate which is particularly associated 
with the immobilisation of Zn and Cu 
through co-precipitation (Cairns et al. 2021). 
The retention of P whilst immobilisation 
is at its maximum and the release of P 
when immobilisation of Zn and Cu starts 
to wain suggests co-precipitation as an 
immobilisation mechanism.

Solid Phase Analysis
FTIR was utilised to characterise the biochar 
and identify surface functional groups, such 

as carbonyl and carboxylate, which are key 
to ion exchange, and minerals capable of 
co-precipitation with Zn and Cu. Peaks 
attributed to phosphate were apparent for 
each quantity of biochar post agitation with 
AMD (Uchimiya et al. 2010). However, 
these peaks shift and flatten noticeably from 
where 2g and 1g of biochar were used in 
sorption experiments and immobilisation 
of Zn and Cu was 100%, to where 0.1g 
and 0.05g of biochar were used in sorption 
experiments and immobilisation of Zn 
and Cu is negligeable (figure 2).This peak 
shift and flattening alongside the changes 
in P concentrations in the batch eluate 
suggest that co-precipitation plays a role 
in the immobilisation of Zn and Cu which 
is consistent with previous studies of WAS 
(Cairns et al. 2021).

Peaks attributed to carboxyl surface 
functional groups were also evident in 
the FTIR spectra (Iqbal et al. 2009). These 
peaks flatten when moving from 2g and 1g 
of biochar used in sorption experiments to 
0.1g and 0.05g of biochar used. Carboxyl 
groups are associated with ion exchange 
and a flattening of these peaks is a strong 
indication that ion exchange is a factor in 
the immobilisation of Zn and Cu (Iqbal et al. 
2009; Cairns et al. 2021).

Figure 2 FTIR spectra of known quantities of larch biochar sintered with wood ash post agitation with 
Parys Mountain Copper Mine AMD
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Conclusion
This study assessed the application of larch 
biochar sintered with wood ash (WAS) to 
immobilise metals from Parys Mountain 
AMD. Parys Mountain AMD leaches large 
quantities of metals of concern including Zn 
(62 mg/L), Cu (42 mg/L) and Cd (148 µg/L) 
leading to the mine discharging 10 t of Cu and 
24 t of Zn into the Irish Sea annually (Morgan 
et al. 2017). Larch biochar sintered with wood 
ash was seen to immobilise up to 100% of 
both Zn and Cu from Parys Mountain AMD 
with a maximum measured immobilisation 
of 4.1 ±0.4 mg/g and 4.1 ±0.0 mg/g for Zn 
and Cu respectively. Immobilisation was 
primarily as a result of precipitation with 
ion exchange and co-precipitation playing a 
role. These preliminary results demonstrate 
that WAS has the potential to be scaled up 
and used as part of a suite of techniques to 
remediate AMD.
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Abstract
The persistent scatterer radar interferometry technique (PS-InSAR) has revealed ground 
displacements since 1992 in Saint-Vaast (Wallonia, Belgium), where an old drainage 
adit allows mine water discharge to the Haine River. As far as our knowledge goes, the 
Saint-Vaast area has already been affected at least twice, by a clogging rupture in the 
drainage adit. This event has induced a displacement at the surface. The integration of 
PS-InSAR results and observations of installed piezometric wells are used to compare 
the water table evolutions and the ground deformations observed at the surface before, 
during, and after the second outbreak event in 2018. 
Keywords: PS-InSAR, Clog rupture, Mine adit, Urbanized area, Coal mine concession.
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Introduction 
Abandoned mines often pose a threat to the 
environment, public health, and safety (Lee 
and Park 2013). Many old and abandoned 
mines over the world, which were often 
mined in the shallow depth, are prone to land 
subsidence (Bell and Genske 2001). Various 
studies have demonstrated the effectiveness 
of InSAR technology in detecting and 
monitoring land-surface linked to mining 
operations (Li et al. 2022). In this paper, 
PS-InSAR is used to quantify and map 
displacements that the earth’s surface has 
experienced during the period 1992–2022 in 
the Saint-Vaast area, Wallonia, Belgium. 

The presence of an old drainage adit at a 
depth of approximately 30 m in combination 
with a confined aquifer located in low 
mechanical resistance geological sublayers 
has so far resulted in a stream of mud and 
sand gushing out at least twice in 2009 and 
2018. The first incident resulted in a serious 
collapse in a residential area in Saint-Vaast 

and a mud outbreak for a few hours at the 
outlet of the adit near the river Haine (fig. 1a). 
A pipeline was erected to redirect the water 
directly into the river, but it was clogged in 
2010. Water gushed through the pipe again 
during the second water outbreak in 2018. 
However, there was no genuine issue since the 
pipe effectively directed water into the river 
and regulated the outgoing flow. Changes in 
deformation trend, which were observed by 
PS-InSAR along the network of piezometric 
wells set up for monitoring groundwater levels 
after the first water outbreak, make Saint-
Vaast a perfect study site for demonstrating 
and interpreting the hazards associated with 
the abandoned coal mine area.

This study has two main objectives. First, 
to apply PS-InSAR on ERS1/2, Envisat ASAR, 
and Sentinel-1A satellite radar imagery to 
monitor ground surface deformations and 
retrieve time series of deformation in PS 
points in the vicinity of the collapse site to 
identify, quantify and map the effects of the 
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outbreak events and second, to evaluate the 
relationship between water level fluctuations 
and deformation time series allowing one to 
use different techniques together as a tool for 
preventing future risk issues.

Geological, Geographical, and  
Hydrogeological Setting
The Region of Interest (ROI) is in Saint-Vaast, 
Wallonia, and comprises the municipality of 
La Louvière (fig. 1a). The area is bordered on 
the north by coalfields, and on the south by 
the Midi Fault.

Figure 1 a) Summary of data in the study area, including the position of the piezometric wells, the border 
of wealdian terrains, and the location of the Sainte-Marguerite well, b) map of galleries in the region on the 
geological map of Belgium, c) geological descriptions, and d) The geological section which follows the (non-
rectilinear) route of the drill holes F4, F2, F1, F3, and F5.

a) b)

c) d)
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The research area’s sub-surface is mostly 
composed of Paleozoic rock (consisting 
of limestone and dolomites of the Lower 
Carboniferous) and a Meso-Cenozoic 
formation (consisting of Cretaceous clays, 
marls, and chalks of the Upper Cretaceous), 
which is overlaid by Paleocene and Eocene 
sediments corresponding to the extension 
of the North Sea basin at that period (fig. 1b 
& c). The surface collapse took place in 2009 
in the middle of the drainage adit route and 
water outbreaks in 2009 and 2018 took place 
at the adit outlet (fig. 1b).

A groundwater monitoring system was 
installed along the presumed route of the 
drainage adit after the first event in 2009 
(F1 to F6 in fig. 1b). The F1 to F5 wells were 
installed in the Wealdian terrain, while F6 is 
being used for monitoring the water level in 
the Upper Cretaceous aquifer (covering layer 
in fig. 1d) to check if any connection could be 
identified between the different aquifers. The 
Sainte-Marguerite extraction well located 3 
km of Saint-Vaast, started to be used for 
measuring levels of the Houiller water table, 
after 1982 (fig. 1a). In addition, because of its 
importance in this study as they caused the 
clogging of the drainage adit, the Wealdian 
terrain border, which is characterized by 
sediments of extremely diverse origin and 
nature, has been highlighted over the study 
region, even though it has no outcrops 
on the surface. These sediments have low 
mechanical resistance. The piezometric wells 
are only present on a small percentage of 
the upper Wealdian sediments (See fig. 1d). 
However, this representation simplifies the 
conceptual model of a bi-layered Wealdian 
terrain, with sandy top layers and clayey 
lower layers. The different behavior deduced 
from the piezometric wells, which will be 
shown below, confirms this fact.

Data and Methodology
InSAR. thanks to the phase difference between 
acquisitions, can measure the change of 
distance between the source and the objects 
backscattering the signal. This change of 
distance can be attributed to the deformation 
if different phases contributed to various 
sources are subtracted. Interferograms were 
generated in Doris (Delft Object-oriented 
Radar Interferometric Software) (Kampes 
and Usai 2003) and processed in the StaMPS 
(Stanford Method for Persistent Scatterers) 
(Hooper et al. 2012) software throughout the 
PS-InSAR technique (Ferretti et al. 2001). 
Table 1 summarizes the characteristics of the 
SAR image datasets used in this study.  

Results and Discussions
Satellite observations revealed various 
deformation patterns before and after the 
area’s collapse (fig. 2). For those PS points 
within a 150 m radius around the centre of 
the collapse area, the average ground surface 
uplift at a rate of 3.11 mm/y during the 
period associated with the ERS1/2 imagery 
is observed (1992-2006). The Houiller is 
unlikely to be connected to the Wealdian 
aquifer through natural hydraulic systems. 
Nonetheless, a regional influence cannot be 
ruled out due to the considerable changes 
in the piezometric surface of this aquifer, 
following the cessation of pumping operations 
at the previous Sainte-Marguerite mining site 
(even though, there is no piezometric well in 
the ROI that measures the water level in the 
Houiller). The Sainte-Marguerite piezometric 
well, located approximately 3 km from the 
first event site, showed a dramatic rise in water 
level after 1985 when the previously active 
pumping was stopped. The piezometric level 
rose from 261 m depth in 1983 to 50 m depth 
in 2022. The groundwater levels are monitored 

Table 1 Characteristics of the SAR image datasets used for the study of the Saint-Vaast region

Satellite Number of interferograms Start date of spanning End date of spanning

ERS1/2 74 26/04/1992 04/10/2006

Envisat ASAR 73 19/03/2003 13/10/2010

Sentinel-1A 179 02/04/2015 31/01/2022
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in both the Sainte-Maguerite mine shaft and 
the well. This area is too far to the south of 
the ROI to be detailed in our paper, but it 
confirms a regional rise of the piezometric 
levels in the coal mining area implying a 
regional recharge and potentially a rebound 
characterized by positive LOS velocities. The 
presence of superficial aquifers (less than 
100 m deep) associated with the Cretaceous 
and Tertiary sediments overlaying the hard 
coal Carboniferous rocks have potentially a 
more direct effect at the surface related to the 
groundwater fluctuations as well. There are no 
piezometric data available in the Saint-Vaast 

area to confirm any groundwater evolutions. 
It is thus very difficult to estimate if one or 
both aquifers could be cause the surface 
deformations observed during ERS1/2.

Envisat ASAR processed data from 2003 
to 2010 indicates that the region is nearly 
stable, and within a 150 m radius around the 
centre of the initial event, the average LOS 
displacement rate for all PSs is 1 mm/y. The 
processed data from applying the PS-InSAR 
approach to the SLC Sentinel-1A data between 
2015 and 2022 demonstrate that the PS points’ 
stability has turned into subsidence, with 
an average displacement rate of -1.78 mm/y 

Figure 2 LOS velocity map of PS points distributed over the ROI highlighting the collapse area and water and 
mud outlet locations in Saint-Vaast, derived from (a) ERS1/2 radar data (1992-2006), (b) Envisat ASAR 
radar data (2003-2010), and (c) Sentinel-1A (2015-2022).
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for the points within a 150 m radius from 
the centre of the first event. The subsidence 
bowl highlighted during Sentinel-1A has a 
clear pattern: the bowl is oriented mostly 
along a North-West to South-East axis in 
the Saint-Vaast district. The higher absolute 
value LOS velocities are in the centre of the 
subsidence bowl and the LOS velocities are 
decreasing symmetrically towards the SW 
and NE margins. This land subsidence bowl 
is mapped at the centre of the main extension 
area of the Wealdian sedimentary terrains 
(Wealdian sedimentary deposits coverage 
and extension are still uncertain and mapped 
from borehole descriptions) covering the 
hill of the Saint-Vaast district area. The 

interpretation of surface displacement, on the 
other hand, necessitates the analysis of the 
displacement time series (fig. 3).

The water level fluctuation rates in 
piezometric wells at Saint-Vaast are much 
higher in the Wealdian layer. This could 
be related to issues that arose during the 
piezometer’s installation. Because of the 
confined nature of the Wealdian water table 
and the distance between the piezometers 
and the nearest water inflows, such changes 
are either caused by a sensor malfunction 
or by random mistakes. However, the 
combination of Figures 3 and 4 helps to 
understand the general trend of piezometric 
wells (fig. 3 and 4).

10	

	

Figure	2	LOS	velocity	map	of	PS	points	distributed	over	the	ROI	highlighting	the	collapse	area	and	water	and	
mud	outlet	locations	in	Saint-Vaast,	derived	from	(a)	ERS1/2	radar	data	(1992-2006),	(b)	Envisat	ASAR	

radar	data	(2003-2010),	and	(c)	Sentinel-1A	(2015-2022).	
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Figure	3	The	average	of	LOS	deformation	time	series	for	the	PS	points	within	a	150-meter	radius	around	the	
centre	of	the	collapse	area	observed	at	the	surface,	inferred	from	(a)	ERS1/2	radar	data	(1992-2006),	(b)	

Envisat	ASAR	radar	data	(2003-2010),	and	(c)	Sentinel-1A	(2015-2022).	

Figure 3 The average of LOS deformation time series for the PS points within a 150-meter radius around 
the centre of the collapse area observed at the surface, inferred from (a) ERS1/2 radar data (1992-2006), (b) 
Envisat ASAR radar data (2003-2010), and (c) Sentinel-1A (2015-2022).
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Figure 4 Time series of water level at the location of five piezometers (F1 to F5) near the collapsed area in 
Saint-Vaast, installed by the Public Service of Wallonia following the first event in 2009.

Even though the piezometric wells are 
only a short distance apart, their behavior 
is vastly different due to the vertical 
heterogeneity of the Wealdian sediments 
in the sublayers. On the other hand, the 
water level fluctuations in the first months 
following the installation of piezometric 
wells indicate declining trends. The slight 
decreasing trend in the time series of 
deformation computed by the processing of 
Envisat ASAR radar data from 2009 to 2010 
might explain this downward tendency. 
However, due to the lack of piezometric wells, 
interpreting the Envisat ASAR time series 
before the first incident remains challenging. 
The water level in all the piezometric wells 
obviously began to increase again in 2010, 
when the water pipeline installed in 2009 for 
channelling water to the river was clogged. 
There is no PS-InSAR time series of ground 
movement available between 2010 and 
2015. However, between 2015 and 2022, the 
displacement time series of Sentinel-1A data 
reveal a considerably decreased trend. The 
discovery of a large number of subsurface 
geological layers in the Wealdian series is 
potentially implying a weakening of the 

geological layer stability at the bottom of the 
sequence directly associated with the mine 
adit structure as a result of the first event 
in 2009. The water level of all piezometers 
dropped at the same time in 2018 because of 
the second water outbreak. Although there 
was no sudden damage since the pipeline 
could control outcoming outflow, it is likely 
that more sediments were gushed out leading 
to further weakening of the Wealdian sandy 
sedimentary layers. At the end of the time 
series of surface displacement associated 
with Sentinel-1A data, the acceleration 
of land subsidence in the years after 2018 
confirms this process.

Conclusions
This study attempted to estimate surface 
displacement using the PS-InSAR technique 
in the Saint-Vaast residential area, where 
the presence of an old outbreak adit in 
combination with a confined aquifer in the 
low mechanical resistance sublayers has 
resulted in a stream of mud gushing out twice, 
in 2009 and 2018. Three separate time series 
datasets were used to achieve this purpose. 
ERS1/2, Envisat ASAR, and Sentinel-1A 



IMWA 2022 – "Reconnect"

45Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

were the datasets used. The evolution of 
the water level in the piezometric wells is 
substantially consistent with the LOS velocity 
and time series of displacement acquired 
from radar satellite imagery. By evaluating 
the displacement time series generated 
from the InSAR technique, a more complete 
explanation of the behaviour of piezometric 
data at shorter intervals will be investigated 
in a subsequent study.
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Abstract
Enhanced passive treatment systems (EPTS) are bioreactors dosed with nutrients to 
improve water treatment rates relative to traditional passive treatment systems.This 
paper presents laboratory trials of enhanced passive treatment systems to treat waste 
rock stack seep water from Macreas Mine. Nutrient addition to influent water occurred 
for lab scale bioreactors, to test contaminant removal rates with varying substrates, 
temperatures, hydraulic residence time (HRT) and nutrient addition rates, in order to 
optimise parameter selection for field trials.

Successful removal of sulfate was observed in most reactors, and the best sulfate 
removal rate achieved was 15 mol/m3/day, with consistent rates above 7 mol/m3/day 
maintained. Dissolved organic carbon consumption showed a linear correlation with 
sulfate removal. Near-complete nitrate removal occurred in all bioreactors (17 mg/L 
influent to <0.5 mg/L effluent NO3-N) independent of substrate, temperature or HRT. 
Ammoniacal nitrogen and hydrogen sulfide were generated in reactors where nitrate 
and sulfate reduction occured. 

The treatment rates measured in lab trials represent a >25-fold increase on standard 
passive bioreactors, which typically remove 0.3 mol/m3/day of sulfate from mine water. 
This paper shows that nutrient dosing can vastly improve the treatment rates of tradi-
tional passive treatment systems , and highlights controls of habitat, temperature and 
reactor chemistry on treatment success and secondary contaminant generation. 
Keywords: Enhanced passive treatment, Sulfate, Nitrate, Nutrient, Bioreactor
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Introduction 
Seep water from waste rock stacks at Macraes 
Mine can contain elevated concentrations of 
sulfate and nitrate (Craw and Pope, 2017). 
These ions are of environmental relevance, 
and are regulated in some waterways that 
receive water from the mine site. EPTS offer 
a potential water management tool to reduce 
concentrations of these contaminant through 
the use of microbial reduction pathways, 
which can convert the sulfur and nitrogen 
into solid and gaseous forms.

Sulfate and nitrate are both oxidized 
species that are able to be utilized as electron 
acceptors in the metabolism of anaerobic 
microorganisms (Equations 1 and 2, Hao et al 
2014). Passive bioreactor treatment systems 
often rely on these metabolic reactions 

to convert dissolved contaminants into a 
gaseous or solid phase. The reactions require 
dissolved organic carbon that is provided by 
the breakdown of organic matrix materials 
in the passive bioreactor (Trumm et al 2017, 
Macauley et al 2009, Dilorreto et al 2016). 
Enhanced passive treatment systems provide 
additional labile nutrients to facilitate the 
desired reduction reactions.

Equation 1:

Equation 2:

Previous trials of batch fed enhanced 
passive treatment of sulfate- and nitrate-rich 
waters (Christenson et al, 2017, Christenson 
et al, 2018) demonstrated that under lab 

IMWA	2022	–	Reconnect	–	Christchurch,	New	Zealand	 	 					

1	

	

Enhanced	 Passive	 Treatment	 of	 Sulfate	 and	 Nitrate	 Enriched	 Mine	 Water:	
Laboratory	Op+misa+on	Experiments	

Hana	Christenson1,	Rachel	Skews1,	Dave	Trumm1,	James	Pope1,	Nigel	Newman1,	Gavin	Lee2,	
Duncan	Ross2	

1Verum	Group	Ltd,	97	Nazareth	Ave,	Christchurch,	New	Zealand	
h.christenson@verumgroup.co.nz		

2OceanaGold	(NewZealand)	Ltd,	Golden	Point	Rd,	Macraes	Flat,	New	Zealand.	

Abstract	
Enhanced	 passive	 treatment	 systems	 (EPTS)	 are	 bioreactors	 dosed	 with	 nutrients	 to	 improve	 water	
treatment	rates	relative	to	traditional	passive	treatment	systems.This	paper	presents	laboratory	trials	of	
enhanced	passive	treatment	systems	to	treat	waste	rock	stack	seep	water	 from	Macreas	Mine.	Nutrient	
addition	 to	 in(luent	 water	 occurred	 for	 lab	 scale	 bioreactors,	 to	 test	 contaminant	 removal	 rates	 with	
varying	substrates,	temperatures,	hydraulic	residence	time	(HRT)	and	nutrient	addition	rates,	in	order	to	
optimise	parameter	selection	for	/ield	trials.	
Successful	removal	of	sulfate	was	observed	in	most	reactors,	and	the	best	sulfate	removal	rate	achieved	
was	15	mol/m3/day,	with	 consistent	 rates	above	7	mol/m3/day	maintained.	Dissolved	organic	 carbon	
consumption	showed	a	linear	correlation	with	sulfate	removal.	Near-complete	nitrate	removal	occurred	
in	all	bioreactors	(17	mg/L	in4luent	to	<0.5	mg/L	ef4luent	NO3-N)	independent	of	substrate,	temperature	
or	HRT.	Ammoniacal	nitrogen	and	hydrogen	sul7ide	were	generated	in	reactors	where	nitrate	and	sulfate	
reduction	occured.		
The	treatment	rates	measured	in	lab	trials	represent	a	>25-fold	increase	on	standard	passive	bioreactors,	
which	 typically	 remove	 0.3	 mol/m3/day	 of	 sulfate	 from	 mine	 water.	 This	 paper	 shows	 that	 nutrient	
dosing	can	vastly	 improve	 the	 treatment	rates	of	 traditional	passive	 treatment	systems	 ,	 and	highlights	
controls	of	habitat,	temperature	and	reactor	chemistry	on	treatment	success	and	secondary	contaminant	
generation.		
Keywords:	enhanced	passive	treatment,	sulfate,	nitrate,	nutrient,	bioreactor	

Introduction		
Seep	 water	 from	 waste	 rock	 stacks	 at	 Macraes	 Mine	 can	 contain	 elevated	 concentrations	 of	
sulfate	and	nitrate	(Craw	and	Pope,	2017).	These	ions	are	of	environmental	relevance,	and	are	
regulated	in	some	waterways	that	receive	water	from	the	mine	site.	EPTS	offer	a	potential	water	
management	 tool	 to	 reduce	 concentrations	of	 these	 contaminant	 through	 the	use	of	microbial	
reduction	pathways,	which	can	convert	the	sulfur	and	nitrogen	into	solid	and	gaseous	forms.	

Sulfate	and	nitrate	are	both	oxidized	species	that	are	able	to	be	utilized	as	electron	acceptors	in	
the	 metabolism	 of	 anaerobic	 microorganisms	 (Equations	 1	 and	 2,	 Hao	 et	 al	 2014).	 Passive	
bioreactor	 treatment	 systems	 often	 rely	 on	 these	 metabolic	 reactions	 to	 convert	 dissolved	
contaminants	into	a	gaseous	or	solid	phase.	The	reactions	require	dissolved	organic	carbon	that	
is	provided	by	the	breakdown	of	organic	matrix	materials	in	the	passive	bioreactor	(Trumm	et	al	
2017,	Macauley	et	al	2009,	Dilorreto	et	al	2016).	Enhanced	passive	treatment	systems	provide	
additional	labile	nutrients	to	facilitate	the	desired	reduction	reactions.	
Equation	1:	
 
Equation	2	
 
Previous	 trials	 of	 batch	 fed	 enhanced	 passive	 treatment	 of	 sulfate-	 and	 nitrate-rich	 waters	
(Christenson	et	al,	2017,	Christenson	et	al,	2018)	demonstrated	that	under	lab	conditions,	direct	
nutrient	 supply	 increased	sulfate	 removal	 rates	by	up	 to	 fifteen	 times	 the	 rate	of	 the	undosed	
control.	Trials	utilizing	direct	nutrient	supply	decreased	sulfate	concentrations	from	1,300	mg/L	
to	 between	 400	 and	 1,000	 mg/L,	 depending	 on	 hydraulic	 residence	 times	 (HRT)	 and	 carbon	
amendment	 ratios	 (Christenson	 et	 al,	 2017).	 Near	 complete	 nitrate	 removal	 from	 agricultural	
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was	15	mol/m3/day,	with	 consistent	 rates	above	7	mol/m3/day	maintained.	Dissolved	organic	 carbon	
consumption	showed	a	linear	correlation	with	sulfate	removal.	Near-complete	nitrate	removal	occurred	
in	all	bioreactors	(17	mg/L	in4luent	to	<0.5	mg/L	ef4luent	NO3-N)	independent	of	substrate,	temperature	
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generation.		
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Introduction		
Seep	 water	 from	 waste	 rock	 stacks	 at	 Macraes	 Mine	 can	 contain	 elevated	 concentrations	 of	
sulfate	and	nitrate	(Craw	and	Pope,	2017).	These	ions	are	of	environmental	relevance,	and	are	
regulated	in	some	waterways	that	receive	water	from	the	mine	site.	EPTS	offer	a	potential	water	
management	 tool	 to	 reduce	 concentrations	of	 these	 contaminant	 through	 the	use	of	microbial	
reduction	pathways,	which	can	convert	the	sulfur	and	nitrogen	into	solid	and	gaseous	forms.	

Sulfate	and	nitrate	are	both	oxidized	species	that	are	able	to	be	utilized	as	electron	acceptors	in	
the	 metabolism	 of	 anaerobic	 microorganisms	 (Equations	 1	 and	 2,	 Hao	 et	 al	 2014).	 Passive	
bioreactor	 treatment	 systems	 often	 rely	 on	 these	 metabolic	 reactions	 to	 convert	 dissolved	
contaminants	into	a	gaseous	or	solid	phase.	The	reactions	require	dissolved	organic	carbon	that	
is	provided	by	the	breakdown	of	organic	matrix	materials	in	the	passive	bioreactor	(Trumm	et	al	
2017,	Macauley	et	al	2009,	Dilorreto	et	al	2016).	Enhanced	passive	treatment	systems	provide	
additional	labile	nutrients	to	facilitate	the	desired	reduction	reactions.	
Equation	1:	
 
Equation	2	
 
Previous	 trials	 of	 batch	 fed	 enhanced	 passive	 treatment	 of	 sulfate-	 and	 nitrate-rich	 waters	
(Christenson	et	al,	2017,	Christenson	et	al,	2018)	demonstrated	that	under	lab	conditions,	direct	
nutrient	 supply	 increased	sulfate	 removal	 rates	by	up	 to	 fifteen	 times	 the	 rate	of	 the	undosed	
control.	Trials	utilizing	direct	nutrient	supply	decreased	sulfate	concentrations	from	1,300	mg/L	
to	 between	 400	 and	 1,000	 mg/L,	 depending	 on	 hydraulic	 residence	 times	 (HRT)	 and	 carbon	
amendment	 ratios	 (Christenson	 et	 al,	 2017).	 Near	 complete	 nitrate	 removal	 from	 agricultural	
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conditions, direct nutrient supply increased 
sulfate removal rates by up to fifteen times 
the rate of the undosed control. Trials 
utilizing direct nutrient supply decreased 
sulfate concentrations from 1,300 mg/L to 
between 400 and 1,000 mg/L, depending 
on hydraulic residence times (HRT) and 
carbon amendment ratios (Christenson et al, 
2017). Near complete nitrate removal from 
agricultural water was achieved in woodchip 
matrix bioreactors with additional nutrient 
supply (Christenson et al, 2018).

This paper investigates controls on 
treatment rates for nitrate and sulfate 
removal from mine water in continuous flow 
EPTS bioreactors under a range of physical 
and chemical conditions. These trials have 
led to the design and commissioning of a 
field trial EPTS.

Methods 
Mine water was collected from a seep into 
1000 L polyethylene containers and stored at 
ambient temperature prior to use. A sample of 
reduced black mud with H2S odour was also 
collected from the seep area and was stored at 
16 °C prior to its use as an inoculant for the 
various EPTS matrices. The mine water had ≈ 
3,000 mg/L sulfate and ≈20 mg/L nitrate, and 
slight variations were observed over time and 
between the three sampling events.

Seven bioreactors were built in an upflow 
configuration which were continuously fed 
nutrient dosed mine water by a peristaltic 

Table 1 Experimental bioreactor descriptions

Bioreactor Name Variable Explanation

1 Standard dose 
bioreactor 

Control Mulch, bark and compost mixture substrate matrix. Nutrient dose rate 0.7 of 
equation 1 stoichiometric ratio. 

2 Fresh pine Habitat 1 A fresh pine chip substrate matrix. Nutrient dose rate 0.7 of equation 1 
stoichiometric ratio.

3 Schist Habitat 2 A crushed schist substrate matrix. Nutrient dose rate 0.7 of equation 1 
stoichiometric ratio.

4 Nitrogen 
sparged

Sulfide 
removal

Mulch, bark and compost mixture substrate matrix. Nutrient dose rate 0.7 of 
equation 1 stoichiometric ratio. Periodic sparging with nitrogen gas, changing 

to continuous sparging after 230 days.

5 Low temp Low 
temperature 

Mulch, bark and compost mixture substrate matrix. Nutrient dose rate 0.7 
of equation 1 stoichiometric ratio. Temperature held at 2-6 °C changing to 

ambient after 128 days.

6 Low C Low carbon 
dose

Mulch, bark and compost mixture substrate matrix. Nutrient dose rate 0.35 of 
equation 1 stoichiometric ratio, changing to 0.7 after 128 days. 

7 Broom Habitat 3 A reactor set up on day 205. Broom and silage substrate. Nutrient dosed at the 
same rate as the control.

pump. The experiment design tested habitat 
substrates, temperature, nutrient dose rate 
and nitrogen sparging to remove gaseous 
metabolic products (Table 1). 

At the start of the experiment, the reactors 
were filled with a mixture of 50 % mine 
water and 50 % municipal drinking water, 
and left for 48 hours. Continuous flow of 
minewater then commenced with all reactors 
at a one day hydraulic retention time. Flow 
through bioreactor 1 was doubled after 220 
days of operation to test treatment capacity 
at a higher contaminant load. Influent and 
effluent water was sampled weekly and 
analysed for pH, temperature, conductivity, 
dissolved oxygen, sulfate, nitrate and nitrite 
nitrogen, ammoniacal nitrogen, dissolved 
organic carbon and sulfide.

Results
Concentrations of sulfate decreased in all 
reactors except for the reactor with the 
broom matrix (Figure 1). Performance 
was best in the standard dose bioreactor 
and the nitrogen purged bioreactor, with 
effluent sulfate concentrations below 1500 
mg/L achieved consistently after 110 days of 
system operation. The low carbon dose and 
low temperature reactors initially performed 
poorly, with improvements observed after 
the dose rate and temperature were increased 
at day 128 of operation. The schist, fresh 
pine and broom substrates were inferior to 
the mixture of mulch, bark and compost. 
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Figure 1 EPTS bioreactor effluent sulfate concentrations. The untreated water sulfate concentration 
is also displayed. 
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Figure 2 Concentration of sulphide in the bioreactor effluents versus the change in sulfate 
concentration for that bioreactor. 
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Low temperature and low nutrient dose rate 
result in poorer sulfate removal. Periodic 
and continuous nitrogen sparging did not 
increase sulfate removal above the standard 
dose bioreactor.

Sulfide is generated during microbial 
sulfate reduction (Equation 1), and sulfide 
concentrations exceeding New Zealand water 
quality guidelines (ANZG, 2018) occurred in 
most of the reactor effleunts. Concentrations 
were highest in the standard dose bioreactor 
and the nitrogen purged bioreactor, however 
the concentrations generated did not 

strongly correlate with the change in sulfate 
concentration (Figure 2). Elemental sulfur 
precipitate was observed at the surface of 
many of the reactors.

Nitrate and nitrite nitrogen were removed 
to below detection (0.02 mg/L) in all reactors 
for the majority of the experiment (Figure 3). 
The maximum effluent combined nitrate and 
nitrite concentration was 0.3 mg/L

In reducing conditions, ammoniacal 
nitrogen can be generated from redox 
reactions involving nitrogen species. 
Ammoniacal nitrogen was not detected 
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Figure 3 Nitrate+nitrite nitrogen concentration in the bioreactor effluents, shown from day 42 of operation.
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in the untreated minewater. Effluent from 
the bioreactors contained ammoniacal 
nitrogen concentrations ranging from below 
detection to concentrations above the New 
Zealand 2.3 mg/L guideline value to protect 
80% of aquatic organisms (ANZG 2018). 
The schist substrate reactor had the lowest 
concentrations of ammoniacal nitrogen in 
the reactor effluent, typically <0.1 mg/L and a 
maximum concentration of 0.43 mg/L.

Discussion
Sulfate and nitrate reduction were measured 
in all bioreactors, and the standard dose 
bioreactor consistently delivered the highest 
rate of sulfate removal with concentrations 
decreasing from ~ 3,000 mg/L SO4 to at times 
<1000 mg/L SO4. The chemical reduction of 

Figure 4 Ammoniacal nitrogen concentration in bioreactor effluents, shown from day 42 of operation 
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SO4 resulted in elevated H2S in the discharge 
water. Variable amounts of sulfate removal 
were observed, and generally, a greater change 
in sulfate concentration correlated to a greater 
effluent sulfide concentration. However, 
removed sulfate was not entirely converted 
to sulfide (Figure 2) Elemental sulfur was 
identified and factors controlling its formation 
have been investigated with geochemical 
models. Formation of this phase, and 
minimising effluent sulfide concentrations 
will be prioritised in field trials. Nitrate was 
removed from solution concentrations of ~17 
to ≤0.5 mg/L in all reactors throughout the 
experiment; however, variable concentrations 
of ammoniacal nitrogen were generated. The 
more reducing conditions that are required 
for sulfate reduction than nitrate reduction 
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Figure 5 Sulfate removal rate for all bioreactors 
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likely promote ammoniacal nitrogen 
formation, and the reactors that performed 
less well for sulfate removal typically had 
lower ammoniacal nitrogen concentrations 
in their effluents.  

The sulfate removal rate is the standard 
method of comparing bioreactor performance 
and is calculated as the amount of sulfate 
reduced per cubic meter of reactor volume 
per day. Traditional passive treatment systems 
are often designed for a 0.3 mol/m3/day 
removal rate. The standard dose bioreactor 
had the best removal rate of ~8 mol/day/m3 at 
a one day HRT (Figure 5). The standard dose 
bioreactor also had a peak of 15.3 mol/day/
m3 at a 12 hour HRT. In the nitrogen purged 
bioreactor, sulfate removal rates remained 
stable at around 7 mol/day/m3 after 92 days 
of operation and remained stable even after 
the nitrogen sparging was made continuous. 
This removal was maintained even when 
effluent sulfate concentrations increased due 
to an increase in flow rate during this period. 
Purging the bioreactor with N2 did not 
improve the sulfate removal rate.

The mulch, bark and compost mixture 
was the best performing substraten for sulfate 
removal. The nutrient dose rate and temperature 
impacted sulfate removal, however when 
these variables were removed sulfate removal 

increased to levels similar to the standard dosed 
bioreactor. Consumption of organic carbon 
correlated with the load of sulfate that was 
removed for all bioreactors (Figure 6), at a ratio 
consistent with Equation 1. 

These trials highlight differences in 
treatment efficiency and contaminant 
generation which have been used to 
design a field trial system. Management 
of various microbial processes through a 
multi-component EPTS system has been 
proposed to optimise contaminant removal 
while limiting generation of secondary 
contaminants. 

Conclusions
The laboratory trials indicated that nitrate 
and sulfate are able to be removed from 
Macraes Mine seep water. Near-complete 
nitrate removal was achieved in all bioreactor 
configurations tested. The carbon dosed 
schist bioreactor had the best performance 
in terms of nitrate removal and ammoniacal 
nitrogen generation and will be tested as a 
nitrate removing step for field trials. Sulfate 
removal was measured at rates up to 15 mol/
m3/day, and rates above 7 mol/m3/day were 
achieved consistently in the standard dosed 
bioreactor for three months. Elevated effluent 
sulfide concentrations from the bioreactors 
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Figure 6 Change in sulfate concentration as a function of change in DOC concentration	

0	

10	

20	

30	

40	

50	

60	

70	

0	 5	 10	 15	 20	 25	 30	

∆	
m
m
ol
	D
O
C	

∆	mmol	SO42-	

Standard	dose	bioreactor	 Standard	dose	double	load	 Nitrogen	purged	 Low	temperature	 Low	C	dose	

is a concern, and sulfur precipitation 
methodologies will be tested in field trials. 

A full-scale EPTS is likely to require a 
multiple stage approach to water treatment, 
as a complete treatment within one bioreactor 
results in elevated ammoniacal nitrogen and 
sulfide as secondary contaminants in the 
bioreactor effluent. A staged approach to 
treatment in field trials will test nitrate removal 
without ammoniacal nitrogen formation, 
sulfate reduction in an SRB bioreactor, then 
sulfide oxidation to elemental sulfur. 
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Abstract
Mining of gold and later uranium commenced in the Witwatersrand in 1886 and 
continued for more than a century. The underground workings of the individual mines 
are interconnected into three mining basins. In recent years, mines closed and stopped 
pumping water, allowing mines to flood. To address the risks posed by flooding, the 
South African government intervened, commissioning a treatment plant for each of the 
three mining basins.

Initially, historical pumping records were used to estimate required plant capacities. 
This paper proposes an improved method for estimating ingress volumes using water 
level and pumped volume data from the plants.
Keywords: Witwatersrand, Water Ingress, Flooding
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Introduction 
During the second half of the 19th Century, a 
number of gold deposits were discovered in 
the Zuid Afrikaansche Republiek, the largest 
being the Witwatersrand Goldfield, where 
public diggings were formally proclaimed in 
1886. The City of Johannesburg grew around 
the early gold mines of the West Rand, 
Central Rand and East Rand. Within a few 
decades, the underground workings of these 
three goldfields extended along strike for 
many kilometres, eventually forming three 
distinct mining basins (denoted as Western, 
Central and Eastern Basins respectively, 
Figure 1) with interconnected underground 
workings. As the orebodies became depleted 
and the costs to mine at the great depths 
needed to access ore increased, the individual 
mines in each basin began to close and water 
began to flow from mine to mine. Pumping 
water from these workings further increased 
the operating costs of the individual 
mines forcing them to cease underground 
operations and cease pumping. 

Following the cessation of underground 
mining and mine flooding in the Western 
Basin, acidic water began to discharge from 
the mine workings to the surface in 2002, 
polluting the downstream environment 
(Hobbs & Cobbing, 2007). This alerted 
the local community, as well as miners 
and regulators, to the risks associated with 

uncontrolled flooding of the underground 
workings in the Witwatersrand. As most 
mining had taken place well before legislation 
requiring mines to make financial provision 
for their post-closure impact, the South 
African state needed to take action to 
manage the environmental impacts of mine 
flooding. An inter-ministerial committee was 
convened, who appointed a team of experts, 
from which recommendations to construct 
pump- and treat plants in the three basins, 
as well as to implement projects to control 
the ingress of water into the underground 
workings (Coetzee et al., 2010) were adopted 
in 2011.

In recommending the construction of 
pump and treat plants, it was realised that 
no definitive record of the volumes which 
had been pumped during the operations of 
all the mines in the three goldfields could be 
identified. Scott, (1995) compiled pumped 
volumes for the 1950s for the Central and 
Eastern Basins, based on records from 
individual mines, when all of the larger mines 
were still operating in these areas. Estimates 
were made for the Western Basin, based on 
groundwater and hydrological models and a 
3-D reconstruction of the void volume using 
available mine plans (The Amanzi Water 
Treatment Venture, 1999), as well as volumes 
which had flowed from the mine workings, 
following the surface discharge in 2002.
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Following the discharge of water from 
the Western Basin, pumps and a treatment 
plant were installed by the mining company 
active in the area and have been maintained 
by mining companies via various directives 
and agreements with the relevant state 
agencies. New pump- and treat stations were 
commissioned in 2014 in the Central Basin 

and 2016 in the Eastern Basin. In parallel, a 
programme, supported by the Department 
of Mineral Resources and Energy has been 
identifying and constructing engineering 
measures to reduce the ingress of surface water 
into the underground workings (Barradas et 
al., 1996; Coetzee et al., 2021; Palmer et al., 
2006; van Biljon & Walker, 2001).

Figure 1 Location of the three Witwatersrand Basins.

Research questions
The following research questions were 
identified:
1. Can the daily pumping and water level 

data be used to determine ingress rates 
into the Western, Central and Eastern 
Basins of the Witwatersrand goldfields?

2. What is the effect of implemented ingress 
control measures on the ingress rates in 
the three basins?

Methods 
Available data
Water levels and volumes pumped at three 
pumping stations are recorded and provided 
daily. These data have been compiled into 
time series to allow for further analysis. 

Conceptual model relating volumes of 
ingress and pumping with water level
A simple conceptual model has been used to 
relate the volumes of water flowing into and 
pumped from the mine void and the water 
level. Two simple assumptions are made:
• The voidage, i.e. the volume of mine 

void into which water will flow (or be 
pumped) at any specific elevation in the 
mine (Younger, 2016) remains constant 
over the range of elevations for which the 
water volume estimate is made.; and

• The effect of ingress or pumping on 
the water level is instantaneous and is 
uniform across an entire mining basin. 
Monitoring data from multiple shafts 
support the validity of this assumption. 
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The conceptual model is illustrated on Figure 
2, showing the key quantities used in the 
estimation of ingress volumes.

Figure 2 Conceptual model of ingress and pumping 
from the Witwatersrand mining basins.

Estimation of ingress volumes
For the i-th measurement of water level and 
volume pumped, the change in water level 
Δhi is given by the nett inflow of water into 
the mine void, qi-pi, divided by the area of the 
workings, ai, at the specific water elevation. 
The area of the workings – the voidage – is the 
volume of the workings in a depth interval, 
divided by the depth interval, with units 
m3/m (units of area). This quantity can also 
be thought of as the area of the water surface 
in the mine void for any specific depth. 

Three methods of estimation are proposed:

The hi = 0 method
The simplest method of quantitatively 
determining qi is to identify days where 
pumping does not change the water level 
from the previous days. In these cases:

Which is only possible if:
qi = pi               3

Unfortunately, this method depends on the 
existence of days where ∆hi = 0 and is limited 
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 method

This method is an extension of the previous 
method, but instead of identifying individual 
days where ∆hi = 0, it is applied by identifying 
two days, t1 and t2, which have the same water 
elevation:

Which implies that:

And that the average inflow over the time 
interval will be given by:

This method has the following advantages:
• By integrating pumping rates and 

water levels over extended periods, 
the effect of random uncertainties in 
these measurements is distributed and 
minimised; and

• The method makes no assumptions about 
the voidage, as the ingress rate is calculated 
from the volume of water pumped with 
no nett change in water elevation.

Similar to the ∆hi = 0 method, this method 
can only be applied under specific conditions, 
relying on a time interval with the same water 
level on the start and end dates.

Linear regression
The inflow volume can also be expressed as:
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And	that	the	average	inflow	over	the	time	interval	will	be	given	by:	
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This	method	has	the	following	advantages:	

� By	 integrating	 pumping	 rates	 and	 water	 levels	 over	 extended	 periods,	 the	 effect	 of	
random	uncertainties	in	these	measurements	is	distributed	and	minimised;	and	

� The	method	makes	no	assumptions	about	 the	voidage,	as	 the	 ingress	rate	 is	 calculated	
from	the	volume	of	water	pumped	with	no	nett	change	in	water	elevation.	

Similar	to	the	∆ℎ! = 0	method,	this	method	can	only	be	applied	under	specific	conditions,	relying	
on	a	time	interval	with	the	same	water	level	on	the	start	and	end	dates.	

Linear regression 
The	inflow	volume	can	also	be	expressed	as:	
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Which	defines	a	straight	line	relating	net	inflow	volume	and	change	in	water	level,	assuming	that	
the	voidage	is	similar	for	a	series	of	measurements.	

Looking	at	multiple	days	pumping	and	water	elevation	changes,	and	assuming	constant	voidage,	
the	average	ingress	rate,	as	well	as	an	estimate	for	the	voidage	and	uncertainties	in	these	three	
quantities	can	be	estimated	by	 least	squares	 fitting	to	any	set	or	subset	of	data.	The	estimated	
voidage	can	then	be	used	to	calculate	daily	ingress	volumes,	inserting	the	daily	pumped	volume	
and	water	level	change	into	equation	8.	

This	 method	 is	 more	 versatile	 than	 the	 two	 previously	 described	 methods,	 requiring	 only	
variation	 in	 the	 water	 level	 and	 pumping	 rate	 to	 produce	 a	 reliable	 estimate,	 is	 sensitive	 to	
variations	in	the	actual	voidage	over	a	range	of	elevations.		

Results	
Results	from	the	Eastern	Basin	are	presented	on	Figures	3	and	4	and	Table	1	below.	To	remove	
the	 effect	 of	 seasonal	 rainfall	 and	 year-on-year	 variability	 in	 rainfall,	 a	 period	 of	 four	
hydrological	years	(1	October	–	30	September)	has	been	selected.	During	this	period,	an	ingress	
control	canal	–	the	Van	Ryn	Canal	-	was	constructed,	with	the	aim	of	reducing	inflow	to	the	mine	
workings.	 The	 canal	 was	 completed	 in	 mid-October	 2020,	 allowing	 the	 assessment	 of	 its	
effectiveness	for	the	final	hydrological	year	of	the	assessment	(2020/21).	
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constant voidage, the average ingress rate, 
as well as an estimate for the voidage and 
uncertainties in these three quantities can 
be estimated by least squares fitting to any 
set or subset of data. The estimated voidage 
can then be used to calculate daily ingress 
volumes, inserting the daily pumped volume 
and water level change into equation 8.

This method is more versatile than the 
two previously described methods, requiring 
only variation in the water level and pumping 
rate to produce a reliable estimate, is sensitive 
to variations in the actual voidage over a 
range of elevations. 

Results
Results from the Eastern Basin are presented 
on Figures 3 and 4 and Table 1 below. To 
remove the effect of seasonal rainfall and 
year-on-year variability in rainfall, a period 
of four hydrological years (1 October – 30 
September) has been selected. During this 
period, an ingress control canal – the Van 
Ryn Canal - was constructed, with the aim 
of reducing inflow to the mine workings. The 
canal was completed in mid-October 2020, 
allowing the assessment of its effectiveness for 
the final hydrological year of the assessment 
(2020/21).

Figure 3 Flow estimation in the Eastern Basin, using the ht1
 = ht2

 method

Table 1 Results of flow estimation using the ht1
 = ht2

 method for the Eastern Basin.

Date range No. of days Start level 
(m.a.m.s.l)

End level 
(m.a.m.s.l)

Volume 
pumped (ML)

Daily ingress 
rate (ML/d)

Pre-Van Ryn Canal 2019/01/12 – 2020/10/08 635 1 463.14 1 463.16 41 525.6 65.4

Post-Van Ryn Canal 2021/01/25 – 2021/09/11 229 1 469.88 1 469.93 11 740.5 51.3

Using the linear interpolation method for 
the entire period in question, a mean ingress 
volume of 62±4 ML/d is calculated for the 
four year period (Figure 4).

Ingress volumes of 55 ML/d and 29 
ML/d are estimated for the Central and 
Western Basins, respectively, calculated as the 
weighted average of a number of estimates 
using the ht1

 = ht2
 method.

Discussion: Validity of the assumptions 
made in the estimation methods
Estimations made using methods based 
on periods (single days or longer periods) 
with the same start and end water level are 
insensitive to the assumption of depth-
independent voidage. However, they are 
only applicable for periods which satisfy the 

water level requirement. This limits their 
applicability, particularly in periods when the 
water level follows a constant dewatering or 
rewatering trend.

On the other hand, the linear regression 
method assumes a depth-invariant voidage, 
which is unlikely to be the case. This can 
be accommodated by utilising the method 
only over periods where the overall change 
in water level is relatively small. The near-
total extraction of ore at shallow depths over 
the large extent of the mining basins in the 
Witwatersrand, as seen on historical mine 
plans (University of the Witwatersrand, 
2012), is also likely to balance out local 
variability in voidage.

During the first half of 2022, a period 
of downtime on the pumps at the Eastern 
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Figure 4 Estimation of ingress rate by linear interpolation for the 2017–18 – 2020/21 hydrological years

Basin plant has led to a constant rewatering 
trend. As the water level has risen, the daily 
rate of rise has decreased substantially. The 
constantly rising water level and constant, 
zero pumping volume prevents the use of 
any of these methods to estimate water 
ingress volume. Two plausible explanations 
are proposed:
• An increase in voidage at the current water 

level, which is likely due to the void water 
level rising into near-surface workings 
where more material was extracted and 
shallow workings in the Black Reef which 
overly the Witwatersrand strata; and/or 

• The rising water level reducing the head 
difference between the groundwater 
above the workings and the workings 
themselves, resulting in reduced inflow. 

When pumping is resumed, the resultant 
lowering of the water level will allow 
resolution of this dilemma.

Conclusions
Three methods are proposed which allow 
the estimation of water ingress volumes into 
the mine workings of the Witwatersrand, 
using water level and pumping volume 
data. Ingress rates have been determined 
for the Western, Central and Eastern Basins 
of the Witwatersrand. During the period of 
investigation, an ingress control canal was 
constructed in the Eastern Basin, which has 
been shown to result in a substantial decrease 

in the volume of water flowing into the 
underground workings. 
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Abstract
Observations from six historic placer gold mines in southern New Zealand have shown 
that soil-free impermeable clay-rich substrates develop evaporative salt encrustations, 
leading to elevated electrical conductivity (EC>1 mS/cm) and locally elevated pH (7-
10.5). Endemic halophytic plants can tolerate these extreme conditions, and enhance 
local biodiversity. High EC excludes competing plants. Part of our research project has 
been a two-year pilot study to physically remove areas of encroaching sediment and 
weeds to expand the bare substrates and facilitate halophyte colonisation. This approach 
is a viable option for enhancing biodiversity on mine sites with extreme chemical 
environments. 
Keywords: Evaporite, Rehabilitation, Gold, Alkaline, Saline, Ecosystem, Halophyte

Introduction 
Most mine sites expose abundant bare rock 
during development, and some rehabilitation 
is required. Many sites have rock components 
that generate extreme chemical conditions at 
the surface, such as acid rock drainage, and 
this hinders revegetation efforts. Hence, most 
such sites are rehabilitated by addition of a soil 
cover. This can be effective, but is expensive 
and leads to uniform landscape with low 
biodiversity and potential weed problems. We 
report here on a novel alternative approach 
for small areas of this type of mine site, 
where bare ground is maintained as habitat 
space, with extreme chemical compositions 
at the surface, with establishment of specialist 
plants that can tolerate such environments to 
enhance local biodiversity.

Observations from six historic (century-
old) placer gold mines in southern New 
Zealand (Fig. 1a) have shown that soil-free 
impermeable substrates develop evaporative 
salt encrustations in a regional rain shadow 
(Fig. 1b) where annual rainfall is <400 mm. 
These substrates are clay-altered schist 
basement (Fig. 1c) that was exposed when 
sediments containing placer gold were 
removed by historic mining activities. Most 
of these sites have been naturally colonised 

by endemic halophytic plants, probably 
from local coastal environments, that can 
tolerate these extreme conditions, and rely 
on these conditions to exclude competing 
plants. These endemic halophytes constitute 
a rare and endangered ecosystem that has 
been incorporated into several reserves for 
conservation purposes (Craw et al. 2021a,b; 
2022a,b). However, wind-borne and water-
borne permeable sediment incursion on to 
these bare saline substrates, allows weeds to 
progressively colonise the saline substrates 
and develop organic soil (Rufaut et al. 
2018; Craw and Rufaut 2021; Craw et al. 
2021a). In this pilot study, we describe the 
effects of clearance of weeds and permeable 
sediments to allow natural recolonisation of 
impermeable substrates and enhancement of 
the rare ecosystems.

Methods 
The pH and EC of bare mine substrates 
were obtained in the field a portable Oakton 
PC450 meter on slurries made with 20 ml 
of solids and 30 ml of added distilled water. 
Leachate compositions from substrate sam-
ples were obtained by placing 200 mL of 
substrate in 2-litre plastic bottles for 1 week. 
Leachates were analysed for major ions at 
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Eurofins, Christchurch, New Zealand, an 
IANZ-accredited commercial laboratory. 
Identification of minerals in salt encrusta-
tions was done with scanning electron 
microscopy (SEM) with energy dispersive 
analytical attachment at the Otago Micro 
and Nanoscale Imaging (OMNI), University 
of Otago. Some mineral identifications were 
augmented with X-ray diffraction (XRD).

Pilot studies of saline substrate enhance-
ment were carried out at several sites by 
removing weeds and exposing clay-rich bare 
substrates. Halophytes were present adjacent 
to these plots, and in the general vicinity, 
and these plants were allowed to naturally 
colonise the cleared plots.

Chemistry and mineralogy of the 
bare substrates
The saline impermeable substrates at the 
studied gold mines have elevated electrical 
conductivity (EC >1 mS/cm) and most 
have elevated pH (7-10.5) as summarised in 
Fig.  2a. Salinity is provided by evaporation 
of rainwater with dissolved marine aerosols 
(Fig.  2b; Druzbicka et al. 2015; Craw et al. 
2021a,b; 2022a). Winter surface water activity 
can lead to lowering surface salt contents, 
while salts are rapidly replaced in spring. Salts 
include NaCl, Na-carbonates, Na-sulfates, and 
Ca-carbonates. Interaction between surface 
and shallow groundwater and the underlying 

Figure 1 Location and setting of placer gold mine bare substrates in this study. (a) Regional geological setting. 
(b) Location of placer goldfield in rain shadow in lee of Southern Alps mountains, shown with relative solar 
irradiation (from Solargis; http://globalsolaratlas.info). (c) Example of unrehabilitated placer gold mine site 
with saline substrate (EC in mS/cm) and halophytes. Site has been abandoned for a century, but encroaching 
weeds are reducing the saline areas.
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Figure 2 Surface geochemistry of saline substrates in the placer goldfield. (a) EC and pH data for saline bare 
substrates at six placer gold mine sites. (b) Leachates from saline bare substrates, showing compositions in 
relation to variably diluted seawater, and pH rise as a result of interaction with albite in substrates (equation 
from Mamonov et al. 2020).

Figure 3 Mineral variations in and on placer mine substrates, and related pH and EC. (a) Example of 
evaporative salts and associated local variations of pH and EC (in mS/cm) at a placer mine site. (b) Relative 
dissolution rates of key minerals in substrates (left) and on salt pans (right) and the associated pH. Modified 
from Craw et al. (2022a) with data from references cited therein.
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substrates locally causes increases in pH 
as a result of albite alteration (Fig. 2b). The 
resultant elevated Na facilitates precipitation 
of Na-carbonates, with associated elevated 
pH (Fig. 2b; 3a,b). In addition, elevated Na 
causes precipitation of Na-bearing sulfates 
(Fig. 2b, 3b). Alteration of pyrite in the 
substrates and remnant sediments can lower 
pH locally (Fig. 2a).

Chemistry and mineralogy of the 
substrates are highly variable on small scales 
(Fig. 3a) as a result of differential mobility 
of different minerals in surface waters. 
Alteration of rock-forming minerals occurs 
on a time scale of years and controls the 
chemistry of shallow groundwaters that 
slowly pass through the substrates (Fig. 3b), 
facilitated by evaporative capillary action. 
In contrast, occasional rain events result 
in ephemeral surface waters that mobilise 
evaporative minerals at different rates on 
time scales of minutes to weeks (Fig. 3b). 

Redevelopment of impermeable  
clay substrates
In this pilot study, irregular areas of a few tens 
of square metres were cleared of weeds and 
permeable sediment that had encroached on 
the clay substrates left by the miners when 
the sites were abandoned (Fig. 4a). Clearance 
was done in winter, and the sites were left to 
naturally consolidate through the following 
spring. The sites were checked regularly for 
colonisation by halophytes from adjacent 
ground. Care was taken to produce plots 
with a naturalised appearance that connected 
through to adjoining impermeable subsrtate.

Previous work on these sites has shown 
that halophytes are typically established on 
substrates with EC >1 mS/cm, with no clear 
pH controls (Fig. 1c; Rufaut et al. 2018; 
Craw and Rufaut (2021). The EC and pH 
of the redeveloped substrates in this study 
were highly variable because of the extensive 

Figure 4 A pilot study site for enhancement of halophyte ecosystem on an abandoned placer gold mine.  
(a) Photo of part of site after initial excavations. (b) Initial colonisation of halophytes. (c) Map of site after a 
year, showing distributions of colonising plants.
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disturbance of the clearing activity, and some 
parts persisted with EC <1 mS/cm. However, 
most of the sites became progressively 
more saline with time, and local EC values 
exceeded 8 mS/cm (e.g., Fig. 5) and irregular 
salt encrustations developed.

Halophyte colonisation was remarkably 
rapid at most of the studied sites, and 
initial colonisation had occurred within 
a few months in the first spring (Fig. 4b). 
Colonisation continued over the following 
year, with the coverage by halophytes 
extending and becoming denser. After the 
first year, substantial recolonisation had 
occurred (e.g., Fig. 4c).

Conclusions
Addition of soil to bare rock surfaces at mine 
sites is a common rehabilitation procedure, 
and likely to remain so for most sites. 
However, our study shows that in an arid 
climate, impermeable bare mine substrates 
can be rehabilitated without addition of soil. 
Development of evaporative salts created 
a geochemically distinct environment in 
which halophytic plants can thrive, while 
excluding other plant species that are not salt-

tolerant. This situation enhances biodiversity 
at the sites. Some additional management 
may be required periodically, as incursion 
of more permeable sediment can facilitate 
colonisation of weeds, shrinking the areas 
of bare substrates. Our pilot study shows 
that engineered removal of this encroaching 
sediment, and weeds, can enhance mine 
rehabilitation with halophytes. Similar 
approaches may be possible for rehabilitation 
of mine sites elsewhere in the world, 
wherever geochemically extreme substrates 
are exposed that favour tolerant plant 
species. This approach requires acceptance 
by stakeholders that the persistence of bare 
ground is an advantage, not a disadvantage.
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Figure 5 EC and pH measurements on redeveloped mine substrate surfaces in the placer mining area in 
which the Fig. 4. pilot study was carried out. Data were gathered over two years as the surfaces consolidated 
and were partially recolonised by halophytes.
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Abstract
Ions present in mine effluents such as Cl, SO4, NO3 and associated cations can be 
removed using a variety of technologies including membrane technologies such as 
nanofiltration and reverse osmosis (RO) or biological treatment in the case of NO3. 
In the early stages of the mine, concentrations of ions such as Cl and SO4 are generally 
below the limits imposed for direct discharge, leaving mainly nitrate (and occasionally 
cyanide in case of gold mining) to be removed. Biological nitrogen removal in the 
presence of elevated free cyanide concentrations (20 mg/L) was demonstrated using 
a 4 stage MBBR system consisting of 2 aerobic stages followed by an anoxic stage and 
a final re-aeration stage. Residual NH4-N and NOX-N were observed following a rapid 
step change in free cyanide however biological activity was not completely inhibited and 
the process recovered within a 24 hr following the step change. Biological treatment of 
nitrogen compounds is thus a viable alternative to reverse osmosis when ions such as 
Cl and SO4 do not need to be removed. This allows direct discharge of treated effluent 
without producing an RO brine and avoids building up the concentration of highly 
soluble salts in the tailings ponds over time. 
Keywords: Mining, Salt Management, Denitrification, Cyanide, MBBR

Introduction 
Mines operating in excess water need to 
discharge water. Discharge limits for sulfate 
vary from site to site. However 1000 mg/L 
as maximum concentration for sulfate and 
250 mg/L for chloride are not uncommon. 
Nitrate limits tend to be variable depending 
on geography. Water management to control 
salinity is therefore required. In gold mining, 
cyanide compounds can also be problematic. 

Ions present in mine effluents such as 
Cl, SO4, NO3 and associated cations can be 
removed using a variety of technologies 
including membrane technologies such as 
nanofiltration and reverse osmosis (RO) or 
biological treatment. 

In the case of membrane technologies, 
salts are removed from solution by 
concentrating them into a brine which needs 
to be managed. A common approach is to 

recycle the brine to the mine water storage 
ponds. Over time, increases in salinity will be 
observed, eventually reaching the technical 
limitations of the membrane process in place. 
Once the limitation of the membrane process 
is reached, energy intensive processes such as 
thermal crystallisation or cryo crystallisation 
will need to be implemented to continue the 
treatment of the excess mine water.

In the early stages of mine operation, 
concentrations of highly soluble salts sodium 
chloride and sodium sulfate are generally 
below the limits imposed for direct discharge, 
leaving mainly nitrate (and possibly cyanide 
in case of gold mining) to be removed. This 
hardly justifies the installation of membrane 
processes as biological treatment can provide 
a sustainable alternative to avoid salinity 
increases in the overall water infrastructure of 
the mine and metallurgical plant. Biological 
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nitrate removal converts nitrate to nitrogen 
gas which is released to the atmosphere. 
The process by which nitrate is converted 
to nitrogen gas is called denitrification 
and is commonly used in both municipal 
and industrial applications. The process, 
occurring under anoxic conditions, is defined 
by the following equation 1: 

NO3
–  +  Organic matter  →  N2 + CO2 + H2O

Equ 1

The Moving Bed Biofilm Reactor (MBBR) 
developed in the 1990’s is particularly 
suitable for nitrogen removal in challenging 
applications such as low temperature or 
effluent containing toxic compounds; its 
use has been well documented (Rusten 
2000, Vincent 2016). The MBBR utilises 
a polyethylene carrier, AnoxKTM5, with 
a large protected surface area for biofilm 
development. The media used is shown in 
Figure 1.

The carriers have a density close to that of 
water, making it possible to keep the carriers in 
suspension and constant movement by either 
aeration or mechanical mixing, thus allowing 
operation under aerobic or anoxic mode. 
Bacteria develop on the carriers without the 
need for long retention times, resulting in 
compact reactors. Installing several reactors 
in series allows the development of specific 
microbial communities in the individual 
reactors, thereby optimising the operating 

conditions for specific pollutant removal and 
allowing high removal rates to be achieved. 

The MBBR process has been installed 
on a wide range of industrial applications, 
including several mines in Canada (Villermur 
2015, Dale 2020). The advantages of using 
biological treatment for nitrogen removal 
over reverse osmosis are: a higher tolerance 
for influent solids, no requirement for 
heavy physical and chemical treatment of 
influent to prevent membrane fouling and 
no brine generatation. This results in lower 
maintenance cost and lower energy costs per 
m3 treated.

For biological treatment to be a viable 
alternative compared to reverse osmosis and 
avoid salinity build up in the water loops as 
a result of RO brine discharge, biological 
treatment also needs to address cyanide 
compounds to comply with discharge 
standards where this compound is present. 
Whilst nitrate removal using MBBR is a well 
established process, removal of cyanide at 
elevated concentrations as can be found in 
gold processing plants effluent is not well 
documented. 

The aim of this study was to evaluate the 
performance of an MBBR system in removing 
cyanide, ammonia- nitrogen, nitrate and 
nitrite associated to the gold processing plant 
effluent and simulate an incident of high free 
cyanide concentration due to an accidental 
discharge of cyanide into the tailings ponds. 
A pilot trial using a 4-stage MBBR plant 

Figure 1 Virgin AnoxKTM 5 and Colonized AnoxKTM 5
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was run at a mine in Ghana to demonstrate 
that MBBR is a viable alternative to reverse 
osmosis. The data from the trial is presented 
below. 

Methods 
A pilot plant consisting of 4 MBBR reactors 
operated in series was installed at an operating 
gold mine site with a gold processing plant 
and was operated for a period of 18 months. 

The reactor configuration is described in 
Table 1. 

The pilot plant was fed with pre-treated 
supernatant from the tailings pond (PTWT): 
pre-treatment consists of chemically assisted 
solids removal (Hydrex 62301 and cationic 
polymer) and pH correction. A solution 
of sodium cyanide was added to the pilot 
influent towards the end of the trial to 
increase the influent CN concentration. The 
free CN concentration was increased to a 
concentration of 20 mg/L for a 24hr period 
to simulate an accidental discharge of free 
cyanide to the tailings ponds for a short 
period.

The flow to the MBBRs was modified 
according to the performance observed until 
the optimal operating conditions were found.

Daily grab samples of the influent and 
treated effluent were taken and analysed on 
site for the following parameters: free cyanide 
(HACH 8027), ammonia (HACH 10031), 
nitrite (HACH 8507), nitrate (HACH 8192). 
Copper was analysed in the influent using 
HACH 8506.

Results
The characteristics of the pilot plant influent 
(PTWT effluent) over the test period are 
summarised in Table 2. 

Significant variations in influent quality 
were observed during the test period. The 
variations are due to changes in mining, gold 
processing plant activity and the weather. 
NH4-N / NOX-N concentrations increase 
during blasting operations and decrease 
during the wet season (April to June). Figure 2 
shows the variations in free CN, NH4-N and 
NOX-N concentrations in the influent and 
effluent of the pilot plant. 

Table 1 Operating conditions in each MBBR reactor

R1 R2 R3 R4

Operating regime Aerobic Aerobic Anoxic Aerobic

Hydraulic retention time 1.3 -1.7 h 1.3 -1.7 h 1.3 -3.5 h 1.3 -3.5 h

Chemical dosing Phosphoric acid for 
cell synthesis

carbon source 
(molasse or ethanol)

Min Average 95%ile

pH 6.73 7.73 8.39

EC µS/cm 953 1394 1735

Turbidity NTU 0.78 23 49

SCOD tot mg/L 4 62.6 117

TSS mg/L 1 18 42

SO4 mg/L 99 230 329

Cu mg/L 0.01 0.3 0.57

NH4-N mg/L 0.01 4.0 9.5

NO2-N mg/L 23.0 40.6 56

NO3-N mg/L 18.8 33.2 49

free CN mg/L 0.001 0.2 1.11

Table 2 Characteristics of pilot plant influent wastewater



IMWA 2022 – "Reconnect"

68 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

The data presented in Figure 2(a) demonstrate 
that the 4 stage MBBR pilot system can 
handle free CN concentration up to 20 mg/L 
on a continuous basis following a period of 
acclimatisation and consistently produce 

an effluent with a free CN concentration < 
0.2 mg/L. Nitrate and nitrite removal is not 
affected by the free CN since it is removed 
upstream of the denitrification reactor. 
Complete NOX-N removal is observed. 

Figure 2 Evolution of free CN (a), NH4-N (b), NO3-N (c ) and NO2-N (d) concentrations in the influent and 
effluent of the pilot plant

Figure 3 Evolution of conductivity across the MBBR system
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During the spiking event at 20 mg/L 
free CN undertaken after 2 weeks of low 
influent free CN concentration (0.1 mg/L), a 
peak in effluent NH4-N , NO3-N and NO2-N 
concentration is observed for a 24 hr period 
following the peak in free CN concentration, 
Figure 2 (b) (c ) and (d). Complete nitrogen 
removal is observed within 24hrs of the step 
change in free CN concentration.

The average denitrification rate obtained 
was 1.2 gN/m2.d however since complete 
NO3-N and NO2-N removal was observed 
it is likely that higher removal rates can be 
achieved.

The evolution in conductivity across the 
MBBR system is shown in Figure 3. A decrease 
in conductivity can be observed across the 
MBBR as a result of nitrate removal. 

Conclusions
Biological denitrification of mine effluent 
has been installed at full scale at a number of 
mines and has proved to be a viable treatment 
solution. Denitrification in the presence of 
high free cyanide concentration that can be 
found in gold mine effluent is however not 
well documented. 

A 4 stage MBBR system consisting of 2 
aerobic stages followed by an anoxic stage 
and final re-aeration stage was installed at 
an operating mine and pre-treated effluent 
from the tailings pond was used as influent. 
A solution of sodium cyanide was added 
to increase the free cyanide concentration 
being tested and to challenge the system. 
Complete nitrogen removal was achieved 
with influent free cyanide concentration up 
to 20 mg/L. The biological treatment was 
further challenged by introducing a 24 hr 
spike of free cyanide of 20 mg/L after a 2 
week period of influent free cyanide of 0.1 
mg/L. Monitoring of the effluent following 
the CN spike showed that the nitrification 
and denitrification processes were both 
affected, residual NH4-N and NOX-N were 
observed during the spiking event and for 
another 24hr following the event. The tests 
demonstrated that the MBBR process can 
handle significant variations in free cyanide 
concentrations without completely inhibiting 
the biological process and recover within less 
than 24 Hours. Although effluent discharge 

would not be possible following a step change 
in free CN concentration, the recovery time 
to achieve a complete nitrogen removal is 
sufficiently low that recycling the effluent to 
the existing tailings pond or a holding pond 
would make this technical alternative to 
concentration processes environmentally and 
financially attractive to both the gold mining 
companies and the regulators. 

The trial has demonstrated that biological 
treatment of nitrogen compounds to nitrogen 
gas in the presence of cyanide is a viable 
alternative to reverse osmosis and can avoid 
the gradual increase in highly soluble salt 
concentration and conductivity of mine 
tailings pond observed when RO brine is 
discharged to the pond. Biological treatment 
of mine effluent from the start of the mine 
operation when only nitrogen removal is 
required provides a sustainable framework 
for tailings management and could avoid 
negative legacy issues.
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Abstract
The exploitations of the coal mines in Wallonia (Belgium) were ceased progressively till 
the year 1984. Groundwater pumping activities were stopped inducing a progressive 
groundwater rebound affecting different areas with different rates but still visible today 
with radar interferometry. To mitigate the threats to the environment during the post-
mining period, flooding and outbreak risks, surface ground deformations and the 
stability of civil engineering infrastructures in the vicinity of those mined areas need 
to be monitored.

The persistent scatterer radar interferometry technique (PS-InSAR) revealed ground 
displacements during three decades above the two underground reservoirs (Peronnes 
to the West and Anderlues to the East) used for gas extraction and storage south of La 
Louvière city (Wallonia).

236 Interferograms were produced using images acquired by the ESA’s satellites 
(ERS1/2, ENVISAT, and Sentinel-1A). Land surface displacements trends are 
heterogeneous both in time and space with different behaviours. During ERS1/2 (1992–
2002) an uplift is visible in the western part of the Peronnes reservoir while the eastern 
part is still affected by subsidence while the Anderlues reservoir is affected by global 
subsidence. During ENVISAT (2003–2010), the uplifting conditions were stronger in 
the Peronnes reservoir and only the upper right corner is still affected by subsidence 
while the Anderlues reservoir records still a general subsidence phenomenon. The most 
recent data from Sentinel-1A revealed a general uplift through the Peronnes reservoir 
with decreasing LOS velocity towards the north and the south. The Anderlues reservoir 
is still affected by a subsidence phenomenon, but the LOS velocity values are reduced 
compared to the previous decades.
Keywords: PS-InSAR, Coal Mines, Wallonia, Gas Storage Reservoir, Ground 
Displacements

Introduction 
Abandoned mines often pose a threat to the 
environment, public health, and safety (Lee 
and Park 2013). Many old and abandoned 
mines in the world, which were often mined 
in the shallow depth, are prone to land 
subsidence (Bell and Genske 2001). Various 
studies have demonstrated the effectiveness 
of InSAR technology in detecting and 

monitoring land surface deformations 
linked to mining operations (Fan et al. 2021; 
Du et al. 2021; Li et al. 2022). The use of 
underground gas storage (UGS) reservoirs is 
an important contribution to the subsurface 
use as a strategic gas reserve, to regulate 
the gas supply in a country, but also to 
extract remaining gas (methane) resources 
produced by the coal rocks still not extracted 
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in the coal mining areas. The problems 
associated with the use of UGS sites are the 
geomechanical integrity of both the reservoir 
and the caprock, the reactivation of existing 
faults, the leakage through the caprock for 
example. Those elements must be considered 
and monitored in detail and much more 
when growing urbanized areas are present 
above those sites involving potentially civil 
structures and engineering infrastructures 
available at the surface. High-resolution 
satellite imagery data are needed to monitor 
spatially and temporally the low amplitude of 
deformation associated with the gas storage 
and extraction activities in deep geological 
layers. This is even more critical when the 
surface deformations are affecting areas where 
the number of PSI data is reduced implying 
the need to install and deploy artificial corner 
reflectors network (Rohmer & Raucoules 
2012;). Several gas storage sites around the 
world are monitored using PSI (Vasco et al. 
2018), PSI and artificial corner reflectors 
(Rohmer et al. 2015) or a combination of 
different geodetic techniques using GPS and 
PSI data (Ketelaar et al. 2020).

In this paper, spatiotemporal ground 
movement measurements and mapping 
were carried out over growing urbanized 
district areas above old coal mined deep 
underground exploitations in southern part 
of Belgium (Wallonia, South of La Louvière 
city). MT-InSAR technique was applied on 
SAR acquisitions of the satellites ERS-1/2 
(1992–2006), ENVISAT (2003–2010), and 
Sentinel-1A (2015–2022). For three decades 
(1992–2022), the two underground gas storage 
reservoirs of Peronnes and Anderlues are 
monitored using PSI data and imagery from 
the ESA satellite datasets collection maintained 
at the Geological Survey of Belgium.

Geographical and Geological 
Settings
The Region of Interest (ROI) is located in the 
Hainaut Province of Wallonia and comprises 
the villages of Binche (SW of the ROI) and 
Anderlues (SE of the ROI) that are both located 
to the west of the major industrial Charleroi 
city. The ROI is intimately associated to the 
old coal mining exploitations and collieries of 
Wallonia that have produced different type of 

coals during the industrial period. The area 
is crosscut by small rivers and corresponds 
essentially to urbanized centers (like those 
of Binche, Leval, Anderlues) and agricultural 
and forest areas in between. Due to this 
past industrial activities, coal spoil heaps, 
industrial buildings of the old collieries, 
sealed coal mineshafts, etc. are visible in the 
landscape. The altitudes ranges from +47 m 
in the Haine valley (North of the figure 1) to 
>+200  m in the plateau of the Mont-Sainte 
Aldegonde (middle of the Figure 1, inside 
the Anderlues concession limits). For the 
citizens, a post-mining monitoring approach 
is necessary to follow, identify and mitigate 
any potential mining hazards associated to 
these old exploitations.

The subcrop of the ROI is composed by 
Paleozoic rocks folded and faulted during the 
Variscan orogen that are thrusted on Upper 
Carboniferous rocks (Silesian series including 
the Westphalian coal series) through the 
Midi-Fault. The Paleozoic rocks belongs to 
the Brabant Parautochton structure while 
those thrusted over are the Devonian series 
belonging to the Ardenne Allochton. The 
Paleozoic surface corresponds to an angular 
disconformity overlain by the Mesozoic 
cover representing the eastern extremity 
of the Cretaceous Mons basin. Several 
depressions are filled with Lower Cretaceous 
series (Wealdian deposits with sands, clays 
and gravels) in the northern areas while the 
southern areas begin with Upper Cretaceous 
series (mostly chalk with glauconite or clays). 
Tertiary sands and clays of the Paleogene are 
covering the Mesozoic sequence. Quaternary 
sediments of fluviatile origin are, of course, 
well known in the alluvial valleys.

The ROI comprises several abandoned 
coal concessions from which two coal 
concessions will be further detailed herafter. 
The coal concession “Bois de la Haye” located 
on the eastern side has a total area of 2100 
hectares and was exploited by 5 extraction 
sites. The last extraction activities started in 
1857 and stopped in 1969. An estimation 
of 25 millions of tons of coals have been 
extracted from this concession mostly in 
the northern area (Piessens and Dusar, 
2004). The coal deposits are characterized 
by a very important production of gas 
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(methane) from the coal seams, which were 
partly captured during and after the colliery 
exploitation activities till 1975. During the 
period 1975–2004, the northern part of this 
coal concession was transformed into the 
underground natural gas storage reservoir 
(UNGSR) of Anderlues given by the federal 
government to an industrial company called 
formerly Distrigaz and now Fluxys. The 
exploitation activities by the company as a 
natural gas storage reservoir were possible 
after the sealing of several mineshafts at 
different depths. All these operations were 
possible without any groundwater pumping 
activities due to the fact that the mine was 
dry in the deeper exploitation levels between 
600  m and 1100  m. The shallow mined 
workings were isolated from the deeper ones 
due to the thrust faults acting as primary 
hydrogeological barrier. The coal seams 

were essentially exploited in one specific 
thrusted serie called the Massif du Carabinier 
bounded by two major faults. Three thrusted 
sequences are superimposed to each other in 
that area, the one exploited for coal is in the 
middle. The difference in pressure from the 
end of the gas storage use in the mine with 
the values measured more recently indicates 
a pressure increase from 700 hPa (2004) to 
1250 hPa. The sealing rocks covering the gas 
storage reservoir are water-saturated and 
nine piezometers were installed to monitor 
the piezometric levels and to detect any gas 
contamination due to any gas leaking. The use 
of the gas reservoir (injection or production) 
has never changed the piezometric levels 
in the superficial aquifer and gas was never 
detected in the piezometers neither (Piessens 
and Dusar, 2004). The sealing system used in 
Anderlues was thus well maintained.

Figure 1 Geographic locations of the ROI inside Wallonia (Belgium) including two old coal mines used as 
gas storage reservoirs (orange polyline for Peronnes on the western side and Anderlues on the eastern side) 
vs all the other coal mines exploited in the area (green polylines) till the second half of the 20th century. The 
coal concession limits are based on WMS data provided by the Walloon Administration, the background map 
is a transparent superimposition of the 2020 version of the aerial Ortophotos of the Walloon Region (also 
available as WMS data provided by the Walloon Administration on the OpenStreetMap data available in 
ArcGIS basemap). The map provided contains X and Y Belgian Lambert 72 coordinates.
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The second coal concession is the one of 
“Ressaix-Mariemont-La Louvière” is located 
on the northern and western side. It has been 
exploited since 1790 by 230 mineshafts and 
the exploitation activities stopped in 1978. 
The coal seams were exploited into two coal 
sequences separated by an intermediate 
sterile zone (80 m thick at a depth of about 
500  m) that has not been exploited and 
bounded by thrust faults. The uper sequence 
belongs to the “Massif de Masse” and was 
water-saturated while the lower sequence 
belongs to the “Massif du Poirier” and was 
considered as dry due to the sealings of the 
mineshafts (Piessens and Dusar, 2004). A part 
of the “Ressaix-Mariemont-La Louvière” coal 
concession and a small area from another 
contiguous coal concession named “Bois 
du Luc, La Barette et Trivières” were joined 
together to create the underground natural 

gas storage reservoir (UNGSR) of Peronnes 
exploited by the industrial company formerly 
called Distrigaz and lately Fluxys. The 
subsurface use of the underground gas storage 
started in 1982 till 1991. The injection of gas 
and the gas exraction were made possible 
using two main mine shafts thanks to the 
continous groundwater pumping activities to 
maintain the piezometric level at the depth 
-350 m from the surface.

After the cease of the groundwater 
pumpings, the piezometric water levels have 
risen to a depth of -150 m from the surface 
that are known more recently. Fron the 
end of the gas storage subsurface use, the 
gas pressure was of about 790 hPa in 1999 
and has increased to 1180 hPa in 2008. To 
maintain dry the underground gas storage of 
Peronnes, the Fluxys company has pumped 
continuously the groundwater level of the 

Figure 2 Geological map of the ROI inside Wallonia from the Binche-Morlanwelz 1:25,000 geological scale-
map across the urbanized areas of Binche to Anderlues along West-East direction. The two underground 
gas storage sites of Peronnes and Anderlues are stored inside the area. The geological data of the geological 
maps are provided using WMS data provided by the Walloon Administration, the background map is a 
transparent superimposition of the DEM of the Walloon Region in hillshade mode (also available as WMS 
data provided by the Walloon Administration on the topographic data provided by the WMS topographic 
data of NGI). The ROI is associated with Belgian Lambert 72 coordinates.
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shallower aquifer till 1998 using an immerged 
pump in the main mineshaft (Saint-Albert I) 
at a depth of -417 m in betwee, 1970 and 1982 
and at -222 m from 1982 to 1998. Since the 
end of the groundwater pumping activities in 
1998, the groundwater level has risen from 
8  m per month in 1998 to about 2.5  m per 
year in 2010.

Data and Methodology
To calculate the ground movements using 
PSI, more than 170 C-Band SAR images 
from ascending and descending tracks of 
different satellites were used, providing a 
good coverage in time and space of the ROI. 
The average acquisition sampling time is 35 
days for ERS-1/2 and ENVISAT and 12 days 
for Sentinel-1A. The list of the processed data 
is given in the Table 1. ERS-1/2, ENVISAT 
data were processed using Doris-StaMPS 
suite (Kampes and Usai 1999; Hooper 2008) 
while the recent Sentinel-1A data were done 
by InSAR Scientific Computing Environment 
(ISCE, Rosen et al. 2012) and StaMPS 
(Hooper 2008). During the processing, the 
external Digital Elevation Model (DEM) 
data from the Shuttle Radar Topography 
Mission (SRTM 3-arc second) with a 90  m 
horizontal resolution (Farr et al. 2007) was 
used to remove the topographic component 
of the interferometric phase. StaMPS was 
used afterwards to finalize the PSI processing. 
After the processing, only Persistent Scatterer 
(PS) points characterized by a temporal 
coherence greater than 0.7 were selected, 
a common value in radar interferometry 
studies (Chaussard 2014).

Results and Discussions
Satellite observations revealed various 
surface displacement patterns during the 
last three decades. During the satellite image 
acquisitions made by ERS1 and 2 (1992 to 

2006), the LOS velocities reported in the 
Peronnes UNGSR are characterized by: 1°) a 
west to east trend showing a decrease of the 
LOS velocity values from positive values to 
the west in the village of Péronnes-lez-Binche 
to negative values in the villages of Leval 
and la Jonquière villages; and 2°) a north to 
south gradient surface displacements either 
from positive LOS velociy values either 
from negative LOS velocity values towards 
relatively stable LOS velocity values in 
between -0.5 and 0.5  mm/a mapped either 
in Binche and Battignies to the Trahegnies 
village. The southern urbanized areas inside 
the Peronnes UNSGR and those below to the 
south outside the limits are all characterized 
by very stable LOS velocity values. The LOS 
velocity values reported in the Anderlues 
UNGSR are indicative of: 1°) negative LOS 
velocities inside a relative elliptic area centred 
on the northern part of Anderlues with an 
axis oriented WNW to ESE. A symmetric 
gradient towards higher LOS velocity values 
is present in the urbanized areas located 
directly to the south (city centre of Anderlues) 
and to the North. It has also to be noticed 
that positive LOS velocity values are present 
in the urbanized areas located to the North 
from Maurage-Trivières to the West towards 
Morlanwelz and Carnières with the highest 
positive LOS values around the villages of 
Saint-Vaast, Haine-Saint-Paul and Haine-
Saint-Pierre while the LOS velocity values 
are clearly decreasing towards the West, the 
North and the East. Far more to the East in 
the Piéton urbanized areas north of Fontaine-
l’Evêque, positive LOS velocity values are also 
observed (Figure 3).

During the second period of satellite 
image acquisitions of Envisat (2003–2010), 
the following behaviours can be noticed in the 
Peronnes UNSGR: 1°) the LOS velocity values 
were higher and more positive with a WNW 

Satellite Number of interferograms Start date of spanning End date of spanning

ERS1/2 74 26/04/1992 04/10/2006

ENVISAT ASAR 73 19/03/2003 13/10/2010

Sentinel-1A 179 02/04/2015 31/01/2022

Table 1 Characteristics of the SAR image datasets used for studying the Binche-Anderlues region
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to ESE axis across the urbanized areas of 
Péronnes-les-Binche, Ressaix and Trahegnies. 
A gradient towards more stable LOS velocity 
values (green/ -0.5 to 0.5 mm/a) is present to 
the south towards the limits of the Peronnes 
UNSGR while most of the Binche city centre 
is now characterized by negative LOS velocity 
values including all the other urbanized areas 
south of the Peronnes UNSGR. 2°) more 
negative LOS velocity values are extremely 
well mapped in the north-eastern corner of 
the Peronnes UNSGR inside the Leval and la 
Jonquière villages. The ground displacements 
observed at the surface have thus evolved 
oppositely towards more higher positive 
LOS velocity values in most of the Peronnes 
UNSGR while the NE area is experiencing 
more negative LOS velocity values. A 
localized elliptical surface with a main axis 
oriented WSW to ESE is clearly visible from 
the northern part of Leval, across la Jonquière 
and towards Mont-Sainte-Aldegonde. For 
the Anderlues UNSGR, most of the area is 
characterized by more negative LOS velocity 
values extending towards all directions outside 

the UNSGR. It has also to be noticed that 
positive LOS velocity values are maintained 
in the urbanized areas located to the North 
around the villages of Saint-Vaast, Haine-
Saint-Paul and Haine-Saint-Pierre while the 
LOS velocity values are clearly decreasing 
towards stable values (green) to the West, the 
North and the East. Far more to the East in 
the Piéton urbanized areas north of Fontaine-
l’Evêque, positive LOS velocity values are still 
observed (Figure 4).

During the Sentinel-1A interval (2015–
2022) of satellite imagery, the following 
observations are noticed in the Peronnes 
UNSGR: 1°) the LOS velocity values were 
higher and more positive with a WNW to ESE 
axis across the urbanized areas of Péronnes-
les-Binche, Ressaix and Trahegnies. A 
gradient towards more stable LOS velocity 
values (green) is present to the south 
towards the limits of the Peronnes UNSGR 
while most of the Binche city centre is now 
characterized by very stable LOS velocity 
values (-0.5 to 0.5  mm/a) including all the 
other urbanized areas south of the Peronnes 

Figure 3 LOS velocity map of PS points distributed over the ROI derived from ERS1/2 radar data (1992-2006).
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UNSGR. 2°) a switch towards positive and 
high LOS velocity values is now mapped in 
the north-eastern corner of the Peronnes 
UNSGR inside the Leval and la Jonquière 
villages. The ground displacements observed 
at the surface have thus a global and more 
uniform evolution across the entire Peronnes 
UNSGR. A gradient towards positive but 
lower LOS velocity values is observed to 
the western and northern areas. For the 
Anderlues UNSGR, most of the area is 
characterized by negative LOS velocity values 
extending towards more stable LOS velocity 
values (green) in every directions outside 
the UNSGR. It has also to be noticed that 
positive LOS velocity values are maintained 
in the urbanized areas located to the North 
around the villages of Saint-Vaast, Haine-
Saint-Paul and Haine-Saint-Pierre while the 
LOS velocity values are clearly decreasing 
towards stable values (green) to the West, the 
North and the East. Far more to the East in 
the Piéton urbanized areas north of Fontaine-
l’Evêque, weak positive LOS velocity values 
are still observed (Figure 5).

Conclusions
This study attempted to illustrate the necessity 
of a long-term monitoring of the surface 
deformations encountered in old coal mining 
districts associated to growing urbanized 
areas. The type of activities of the subsurface 
has changed with the needs of finding and 
exploiting reservoirs for gas extraction and 
storage. Geothermal approach and the use 
of the underground water aquifers related 
to the underground coal exploitations is 
another possibility. These new industrial 
activities of the subsurface can be extremely 
well monitored using mm-scale radar 
satellites to detect, estimate and cartography 
the ground deformations seen at the surface. 
Those highlighted in this study have shown 
that (1) the ground deformations are not 
homogeneous neither in space neither in 
time, (2) urbanized areas are affected by cm 
to several cm of deformations during the 30 
years of the study, (3) the potential causes of 
these ground deformations need additional 
data both from the underground water levels 

Figure 4 LOS velocity map of PS points distributed over the ROI derived from Envisat ASAR radar  
data (2003-2010).
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monitoring and from the industrial activities 
in terms of volume of gas extraction and/or 
storage through time.
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Abstract
In a changing environmental and social climate, water management on mine sites has 
become a critical issue. Often water may only be seriously considered during closure 
planning, or after a rain event or incident as the process can often be difficult and time-
consuming. This reactive, rather than proactive planning approach can have costly 
impacts both from an environmental and economic perspective. 

For many operations, water planning, and management primarily occurs in the 
medium to long term planning space, executed offsite by either a central water planning 
team or outsourced to consultants. Offsite and external personnel often struggle to 
obtain the most up to date topographical data and may not have the in-depth site-specific 
knowledge that a site’s short-term planning team will have. Due to this, the process of 
updating water catchment areas, and providing advice on recommended changes to 
water management structures can be a costly, and time-consuming process, with results 
that could quickly be out of date with any changes to a mining and dumping plan. 

Mine planners are often in a situation where seemingly minor design changes are 
made without any consideration of water planning, leaving sites exposed to the potential 
of either regulatory infringements, or costly operational issues. By incorporating water 
catchment analysis into mine planning processes and workflows, scenario analysis can be 
performed to consider the merits of alternative water management structures and plans 
and the impact that they may have on water flow on a particular planned topography. 
This should ensure that an optimised mining plan, also features an optimised water 
management plan.  

Areas that are important to successful planning and management :
• Key design elements from a mine plan required to evaluate water catchments.
• Evaluation of water catchment size, location, and connection to other catchment 

areas. These inputs can then be used to calculate sediment erosion loss, and rainfall-
runoff volumes as well as provide inputs into water balance models. 

• What kind of water catchment analysis can be run before a forecast rain event? What 
additional water management structures could be put in place and how will they 
impact the water catchment?

• Wet weather recovery planning including the quantification of the impacts of wet 
weather events on production. Will this rain event require equipment to be mobilised 
to higher ground? If a pit does end up flooded how long will dewatering take?

• Evaluation of possible solutions from both a water management and mine planning 
perspective. What impact does a change in the mining schedule have on dump and 
road formation and how does this in turn impact mine affected water runoff? If a 
pit expansion is undertaken will further water management structures be required 
for pit protection?
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• Rapid assessment of the impacts of alternate mine plans and water management 
plans, through a scenario-based analysis of base case mine plan versus a water 
optimised mine plan.

• Interactively identifying and quantifying area requirements for sediment and erosion 
control. Mine planners should now be able to rapidly assess sediment and erosion 
control requirements for each mining scenario. This allows planners to analyse a 
range of sediment basin locations and footprints to find the optimised result prior to 
engaging consultants or other professionals to execute detailed design work.

• Auditing of water structures – are they correctly located to ensure water flows are 
directed to the desired end point? Is a drain or a bund the best way to redirect water 
from an active mining area? 

• Stakeholder engagement – the impact on water catchments of each analysed scenario 
can be communicated visually to all stakeholders. 

We envisage that water planning can be an additional step in the mine planning process. 
Simplifying and automating the processes for assessing the potential impact of a change 
in mine plan on a water catchment allows planners the ability to identify risks, examine 
what-if scenarios, and rectify potential water related issues in the plan before they occur.
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Abstract
In this contribution, we explore the use of hyperspectral (HS) sensing, as a tool 
to monitor post-mining landscapes facing acid mine drainage (AMD). Emerging 
hyperspectral sensors can complement such monitoring by rapidly characterizing soil 
and water bodies at multiple scales. We propose a workflow to integrate hyperspectral 
visible to near-infrared (VNIR) data with mineralogical and geochemical data from a 
few specimens to precisely map the extent of acid mine drainage using machine learning 
algorithms. The resulting maps include the semi-quantified concentration of dissolved 
metals, physicochemical properties in water bodies, and associated AMD minerals sub-
products in different post-mining scenarios.
Keywords: hyperspectral imaging, remote sensing, machine learning, unmanned aerial 
system, acid mine drainage, post-mining

Introduction 
Large quantities of mine wastes, such as 
waste dumps, slurry ponds, tailings and 
metallurgical wastes, are generated during 
the recovery of raw materials from primary 
mineral deposits (Hudson-edwards et al. 
2011). Such facilities are quite heterogeneous 
compared with other industry sectors due 
to their quantity, mineralogical formation, 
and their properties. The composition 
changes depending on the type of mineral 
processing and the enrichment chain applied. 
Lottermoser (2010) defines Acid mine 
drainage (AMD) as a process whereby low 
pH mine water is formed from the oxidation 
of sulfide minerals. AMD can occur in these 
waste facilities and if superficially dumped, 
when iron sulfide in coal mines or sulfur in 
base metal mines, can undergo into oxidation 
conditions (Dold 2017). With the removal 
of ore from the ground exposure of sulfides 
to water and oxygen in air takes place; 
in turn, the oxidation processes of pyrite 
FeS2 associated with iron, coal, and sulfur 
deposits can produce an acidic environment 
(Lottermoser 2010).

As a result of these acidic and metal 
concentrated waters, the natural ecosystem 

and aquatic life can suffer. Mainly impacted 
areas are rivers, lakes, estuaries, and coastal 
waters. Its advancement can take years or 
decades and can continue spatially increasing 
for centuries (Lottermoser 2010). Hence, such 
environmental concern must be monitored 
carefully and, ideally remedied. Many efforts 
have been applied in order to monitor the 
spatial distribution of contamination by AMD, 
commonly involving systematic sampling 
and laboratory analysis of stream sediment 
followed by interpolation of the results in 
assembled distribution maps ((Ferrier 1999); 
(Kemper and Sommer 2002)) however, such 
approaches can be time-consuming, costly, 
and with limited spatial coverage.

Regular and multi-temporal monitoring 
is required for such complex and diverse 
adverse effects on Earth ecosystems. Active 
control can serve as an effective method for 
successful conservation or rehabilitation 
of natural systems. In this sense, remote 
sensing tools have been widely used in 
many environmental investigations since the 
technique enables the use of digital imaging 
sensors to reveal key information from a 
distance (typically from satellite or aircraft) 
(Christopherson et al. 2019). Thus, traditional 
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monitoring studies based only on certain 
ground-sampling locations can be extended 
to large areas from derived aerial-image 
products. In general, optical spectral analysis 
refers to the measurement of matter-light 
interactions as a function of their energy. More 
specifically, this comprehends any radiation 
that is emitted, reflected or transmitted from 
the investigated target (Clark 1999). The 
development of new generations of sensors 
made it possible to examine processes on 
earth, beyond the visible spectrum of the 
human eye. Commonly, these devices can 
acquire data in different wavelength ranges 
(from the ultraviolet to the far-infrared 
spectrum of electromagnetic radiation) and 
have evolved from spectral over multispectral 
to hyperspectral sensors for different kinds 
of earth’s surface investigations. Currently, 
hyperspectral sensors are employed in a wide 
range of spatial dimensions (scales) according 
to the platform used for data acquisition (e.g., 
satellite, airborne, up to lab-scale sensing 
for detailed-mineralogical analyses) (Figure 
1). The emergent use of unmanned aerial 
systems (UAS), like multi-copters, and new-
generation lightweight hyperspectral sensors 
have become a tool to collect data at a higher 
spatial resolution than some of their aircraft 
and satellite counterparts, resulting in greater 

precision (higher spatial resolution of a scene 
and enabling the investigation of up to a 
few centimeters sized pixels) (Booysen et al. 
2020).

Methods
Hyperspectral Imaging 
The main goal of hyperspectral remote 
sensing (also known as imaging spectrometry 
or imaging spectroscopy) is to measure 
quantitatively the components of the Earth 
System from calibrated (radiance, reflectance 
or emissivity) spectra acquired as images in 
many, narrow and contiguous spectral bands 
(van der Meer et al. 2012)). Collected data 
results in a three-dimensional data-cube 
composed of a set of pixels (represented 
as vectors), containing the measurement 
corresponding to a specific wavelength 
(Benediktsson and Ghamisi 2015). This 
provides the opportunity to query a plottable 
spectral signature for each spatial position 
on a surface. The accompanying amount of 
information results in much larger data sizes 
compared to polychromatic or multispectral 
imagery (Lorenz 2019). The vector size is 
equal to the number of bands or spectral 
channels. In opposition to multispectral 
data, which usually acquire up to tens of 
bands, hyperspectral data channels are able 

Figure 1. Downscaling (multi-scale) scheme for hyperspectral sensing from high spatial coverage of satellite 
based sensors to high spectral resolution of drone-borne/ terrestrial sensors and hyperspectral data cube 
scanning general concept (Modified from(Flores et al. 2022)).
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to collect several hundreds of contiguous 
bands along the spectral axis (van der 
Meer et al. 2012). Regardless the scale of 
acquisition, hyperspectral sensors bring 
higher spectral resolution, in comparison 
to multispectral sensors, offering higher 
accuracy to detect targets and characterize 
earth surface processes. In Figure 2, it 
is possible to distinguish the differences 
between a common Red Green Blue (RGB) 
composite, a multispectral dataset and the 
hyperspectral. The visualization format of 
any spectral dataset is similar, regardless the 
covered wavelength range, scanned specimen 
or area, and the spectral process underlying. 
A spectral imaging dataset is composed 
by three dimensions with at least one, even 
indistinct, value defining the measured signal 
intensity along at least two spatial and one 
spectral axis (Lorenz 2019). 

A general workflow strategy is proposed 
in Figure 3. The methodology involves the 
integration of two main datasets and can 
be adapted to different scales of acquisition. 
The spectral data cube and state-of-the-art 
geochemical analyses over certain samples 

(ground validation/training data) are then 
fused using machine-learning techniques. In 
this article, two studies at different scales of 
acquisition are reviewed, in which different 
mapping algorithms have been applied to 
provide high-resolution maps of sediments, 
hand specimens, drill-cores and water bodies 
to quantify and monitor AMD extent.

Data Acquisition and Processing
Acquisition parameters and set-up will vary 
according to used hyperspectral sensors, 
manufacturer, size dimensions and spectral 
range coverage. Particularly, the visible to 
shortwave infrared electromagnetic range 
has been widely used to monitor AMD 
mineralogy at mining surroundings since 
iron and also REE present strong and 
narrow absorption features in the visible to 
near infrared (VNIR). In any case, acquired 
hyperspectral images need a series of pre-
processing steps in order to get worthwhile 
hyperspectral information out of the raw 
image. While laboratory scanning is usually 
only radiometric corrected (using dark and 
white calibration), aerial original data could 

Figure 2. Schematic examples on different levels of dimensionality of spectral data with x, y, λ being x and y 
the spatial and λ the spectral (Modified from (Lorenz 2019))
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be affected by many other factors, such as 
constant movement of the platform and, 
the effect of the microrelief on illumination 
and viewing angle. The series of procedures 
developed by (Thiele et al. 2021) in the open 
source python-based hylite tool deals with the 
mentioned issues and has been used in some 
of the reviewed multi-scale studies. 

Sampling strategy and analytics
In general all hyperspectral surveys, should 
be accompanied by validation campaigns, in 
where point spectral measurements have to 
be done in discrete and strategic spots of the 
investigated area, as well as the incorporation 
of further geochemical/mineralogical datasets 
to support the spectral method. Sampling is 
tailored to the target to be mapped: surface 
water or drainage, sediment, drill-core or 
waste dump material. The representability of 
scene elements should be considered as well 
as the notable optical and morphological 
differences. Once specimens are collected, 
can be taken to the laboratory for specific 
analyses of geochemistry and mineralogy 
(rock, sediments) and elemental composition 
(water) which then are integrated into the 
mapping as training data-sets. Local samples, 
on-site spectral point measurements or 
reference spectral libraries (e.g., United States 
Geological Survey (USGS) Spectral Library) 

and analyses are the basis for the accuracy of 
hyperspectral studies, hence the importance 
of their correct collection, preservation and 
preparation up to analysis.

Machine learning as mapping tool
Corrected hyperspectral image mosaic 
in radiance is subsequently processed 
using machine learning algorithms which 
pursues the integration of the performed 
validation analysis (e.g., geochemical, 
hydrogeochemical, mineralogical) with the 
HSI data of the target area or material. In order 
to improve the speed and accuracy of such 
data analysis, machine learning algorithms 
such classification and regression has been 
suggested in different scientific fields in the 
last decades (Acosta et al. 2019). Normally, 
the number of known observations is limited 
(i.e., training data), the goal of a classification 
system is to learn the characteristics of a set of 
predefined classes and assign a unique class 
label to each unknown data sample (Acosta 
et al. 2019). Machine learning techniques 
provides automatic approaches to discover 
underlying relations within both the HSI 
dataset and validation studies. For the 
proposed workflow, supervised classification 
and regression can be applied for mapping 
acidic environments (Flores et al. 2021). 

Figure 3. Proposed general workflow for integrated hyperspectral mapping.
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Results
In this section, we present two recent study 
cases in which the proposed mapping 
workflow have been applied in post-mining 
scenarios. The first have been used to monitor 
acidic environment surrounding mining 
legacies in the Iberian Pyrite Belt, Huelva, 
Spain (Flores et al. 2021), and the second 
study case is part of the European Union 
Horizon 2020 project TRIM4Post-mining 
(Benndorf et al. 2022) in which together with 
other near spectral sensors, hyperspectral 
imaging is used as tool for mine waste 
characterization along the life cycle (from 
operation area to waste dump) of coal mining 
operations Leipzig, Germany.

UAS scale
Unmanned aerial system (UAS) or more 
commonly known as drones represent an 
emerging tool in environmental monitoring. 

In regard to AMD, (Jackisch et al. 2018) 
implemented HSI for high-resolution, multi-
temporal mapping of proxy minerals for 
AMD in the Sokolov lignite region, Czech 
Rebublic. Most recently, mapping water 
bodies has been subject of hyperspectral 
research by (Flores et al. 2021) where the 
hydrogeochemical properties (pH, redox, 
Electro Conductivity and iron concentration) 
to assess the extent of AMD in Odiel and 
Tintillo waters (Figure 4A-B) have been 
mapped. In this study, several techniques have 
been combined to produce high resolution 
maps (Figure 4 C-D)), a machine learning 
approach using random forest regression 
(Figure 4D) was applied to fuse geochemical 
data using in-situ stations as training data 
at the field, with the hyperspectral dataset 
and mineralogical map over the river bed 
sediments for secondary iron minerals (e.g., 
goethite, jarosite, schwertmannite).

Figure 4. UAS-Hyperspectral environmental monitoring. (a) Location of the investigated area in the Odiel 
River (Huelva, Spain), (b) spatial coverage of hyperspectral survey (c) mineral classification map using 
Spectral Angle Mapper over river sediments (d) Hydrogeochemical map using regression over river flow path 
(Modified from (Flores et al. 2021))
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Laboratory scale
The TRIM4Post-Mining project (Benndorf 
et al. 2022) demonstrated the versatility 
and cross-scale application of hyperspectral 
sensors. In this project, a processing chain 
is being developed to analyze samples from 
a lignite dump. The goal is to obtain a high-
resolution characterization of the mine 
materials throughout the life cycle of the mine 
and to detect both potentially acid-forming 
and buffering minerals. Figure 5 shows 
the laboratory setup for hyperspectral data 
acquisition (Figure 5A), the major lithologies 
for the case study (Figure 5B), followed 
by spectral interpretation and mapping 
recognition in one of the pit waste samples 
(Figure 5D) showing the major mineral facies 
discovered. Data acquisition was performed 

using the hyperspectral sensors of the project 
partner (TU Bergakademie Freiberg). Data 
processing, pre-processing, spectral analysis 
and predictive mapping are performed at the 
Research Center of Post-Mining in Germany. 
The detailed mineralogical information 
collected in this step is critical for subsequent 
geochemical modelling incorporating other 
data sets. This will allow mine operators to 
better plan reclamation activities and manage 
acidic wastewater generated in tailings ponds, 
on the efforts of finding the best post-mining 
scneario.

Conclusions
With the high demand for raw materials 
comes the waste generation and the perpetual 
tasks associated with efficient post-mining 

Figure 5. Spectral mapping using supervised classification for waste samples in Schleenhain and Peres dump 
areas for the TRIM4Post-Mining EU Project (Leipzig, Germany). (a) Sensor assembly at TU Bergakademie 
Freiberg, Department of Mine Surveying and Geodesy, Germany, (b) identified main lithologies (hand 
samples), (c) spectral profile of the main lithological groups in the mine (blue arrows shows different 
absorptions features for each group at 1400 nm) and (d) waste mixture sample and supervised classification 
map.
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management and risk supervision. In this 
sense, accurate and constant monitoring on 
terrain or vegetation cover of spoil banks is 
often required for two different reasons in 
post-mining management: (i) to monitor and 
prevent adverse effect of hazards; and (ii) to 
assess restoration success. Hyperspectral data 
brings several advantages as a complement 
to traditional environmental monitoring 
studies. The development towards lighter and 
smaller sensors, allows easier incorporation 
of hyperspectral technology into different 
stages of mine waste management. It could be 
used, rather during active mining to identify 
potential lithologies hosting minerals prone 
to AMD and forecast adverse effects, or in 
post-mining scenarios to target affected 
areas and continuous monitor restored 
areas. While laboratory HSI analysis, allows 
fast scanning for mineralogy identification 
of AMD drivers at different stages of the 
mine life cycle, UAS mapping compared to 
traditional ground surveying represent a 
reduction in the time employed on acquiring 
data. It allows reaching locations that may 
be difficult to access, under protected status 
or that involve personal security risks for 
terrestrial-sampling. Regardless the scale, 
hyperspectral sensors allow repeatability and 
recurrent data-acquisition. Therefore, multi-
temporal analysis are feasible and may allow 
constant monitoring of sensible ecosystems. 
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Abstract
In our concept, the mineral struvite which is a by-product from the treatment of 
municipal wastewater can be used as an alternative to lime; this by-product was added 
to AMD of pH 2 and the pH was raised in a stepwise manner giving the opportunity to 
recover ferric phosphate. 

The addition of struvite to AMD resulted in the neutralisation of AMD and the 
attenuation of inorganic contaminants were ≥98.99% for metals (Al3+, Fe3+, and 
Mn2+) and ≥30% for SO4

2-. Traces of other metals such as Zn, Cu, Ni, Pb, and Cr were 
significantly attenuated. Iron phosphate was essentially recovered at pH 3 during the 
sequential neutralization of AMD.

Our results show that the by-product struvite produced from the treatment of 
municipal wastewater (MWW) can be successfully applied to increase AMD pH 
to about neutral and for the removal of metals. This technology offers the benefit of 
avoiding gypsum fouling.
Keywords: Acid Mine Drainage, Mineral By-Product, Municipal Wastewater,  
Ferric Phosphate

Introduction 
The biodiversity including wildlife and 
plants is significantly affected on a daily 
basis by the ineffective management of 
sewage and effluents [1]. The clogging of 
conduits and fresh water filters as a result 
of hypertrophication of water bodies, such 
as wetlands, rivers and riparian zones, 
inevitably leads to the killing of a host of 
organisms including species dependent upon 
them for survival [2]. The impact of poor 
management of our effluent is extended to 
human life which suffers from health issues 
as well as economic challenges, specifically 
in less affluent communities. Our municipal 
sewage systems do not work as per design, 

but rather contribute to the degradation of 
our ecosystem. It is estimated that only 60 of 
our 824 treatment plants are able to operate 
effectively [3]. The ineffective performance 
of our sewage systems contributes to the 
pollution of our dams which are turned 
green as a result of eutrophication while our 
rivers have become heavily toxic, harming 
people who drink the polluted water. The 
government is faced with the daunting task of 
ensuring sustainability and improvement of 
waste management services throughout the 
country [4]. 

In South Africa, AMD has been repor-
ted in a number of areas, including the 
Witwatersrand Gold Fields, Mpumalanga and 
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KwaZulu-Natal Coal Fields, and the O’Kiep 
Copper District. The Western, Central and 
Eastern Basins are identified as priority areas 
requiring immediate action. In Gauteng, 350 
ML/d of acid mine water is produced from 
current and previous mining operations 
and in Mpumalanga, a volume of 200 ML/d 
is produced.  The situation in other mining 
regions of the country requires additional 
information, monitoring and assessments 
of risk, particularly in vulnerable areas such 
as the Mpumalanga Coal Fields, where the 
impact of mining on the freshwater sources 
in the upper reaches of the Vaal and Olifants 
River Systems is of serious concern. AMD has 
increased scrutiny of the practices of mining 
companies with operations in South Africa 
and could hold significant regulatory, legal, 
closure liability, and reputational implications 
for the industry [5, 6].

These waters need to be treated to drinking 
water standards before it can be discharged 
into public streams. A further requirement is 
that zero waste needs to be left at site. This 
requires that waste streams be processed 
in such a way that saleable products can be 
recovered from the waste streams. Currently, 
lime is used for pre-treatment which results 
in the production of a mixture of metal 
hydroxides and gypsum as a solid waste. The 
brine from reverse osmosis (RO) plants is 
stored in evaporation ponds.  This practice 
is not a long-term solution due to the risk 
of ground water pollution when lined ponds 
get damaged. It is proposed in this study to 
achieve selective metals recovery by raising 
the pH stepwise while treating the AMD. The 
iron can be recovered as phosphoric complex 
at pH 3.5 or 4. Ferric phosphate has multiple 
uses including the use as a human nutritional 
supplement, as an ingredient in fertilizer, as a 
snails controller in food crops and an active 
ingredient of pesticide. Previous studies 
have shown that iron can preferably react 
with phosphate in a pH range 4 to 6 forming 
insoluble iron phosphate species which can 
precipitate [7].

This innovative study primarily aims 
at reclamation of valuable minerals from 
municipal wastewater, and their applications 
in AMD treatment and ferric phosphate 
production.

Methods 
Samples collection and materials
The municipal wastewater was collected 
from a plant in Pretoria, South Africa. It 
was transported in several containers of 
25 L capacity and stored in the dark in our 
laboratory at the Florida Science Campus. 
Magnesite samples were obtained from a 
magnesite mine in the Limpopo Province 
of South Africa and used without further 
processing. Acid mine drainage (pH 2) was 
collected from a coal mine in Mpumalanga 
Province, South Africa. Potassium hydrogen 
phosphate was purchased from Minema 
Chemical (PTY) LTD in South Africa.

Treatment of MWW and production of 
struvite
A fixed mass (15 kg) of the magnesite powder 
was added to 100 L of MWW in a hopper 
of 180 L capacity while mixing with a fitted 
impeller at a speed of 200 rpm for 60 min 
at room temperature (approximately 25 °C); 
the pH, electrical conductivity (EC) and 
redox potential (ORP) were simultaneously 
recorded using a multi-parameter meter 
(Hanna Instruments, Johannesburg, South 
Africa). To determine the effect of phosphate 
on the crystallization and precipitation of 
struvite, potassium hydrogen phosphate with 
the corresponding mass of phosphate of 150 
g and 300 g was added to the mixture. See 
Table 1 for the pH, EC an ORP results. After 
mixing, the mixture was allowed to settle for 
about 30 min then the supernatant and the 
sludge were collected for analyses. The sludge 
was dried under the sun for two days.

Treatment of AMD
The treatment of AMD was carried out 
using the sludge with the highest content 
of struvite which was incrementally added 
to 5 L AMD in a 10 L bucket such to allow 
a progressive increase of pH and selective 
precipitation of ferric phosphate at pH 3 and 
4.5. The mixture was mixed at a speed of 
300 rpm using an overhead stirring system 
until a pH of 3 was achieved. The mixing was 
done for 60 min, at room temperature and 
the mixture was allowed to settle for 30 min. 
The supernatant was then collected through 



IMWA 2022 – "Reconnect"

93Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

a tap and subsequently treated the same 
way to achieve a pH of 4.5. The sludge was 
collected after each step, dried, and stored 
for further analysis. To assess the effect of 
mixing time on the treatment of AMD, a 
specific experiment was conducted during 
which water samples were collected at 0, 5, 
10, 15, 30, 45 and 60 min.

Characterization of solid samples
To ascertain the mineralogy of feed and 
product minerals, X-ray Diffraction (XRD) 
was used. Specifically, the PANalytical X’Pert 
PRO-diffractometer equipped with Philips 
PW 1710 Diffractometer with graphite se-
condary monochromatic source with Uni-
quant software was used for analyses. The 
morphology, mapping properties, and ele-
mental properties were ascertained using 
the High Resolution (HR)-Field Emission-
Scanning Electron Microscope (FE-SEM) 
coupled with the Focused-Ion Beam (FIB) 
and an Energy Dispersive X-ray Spec-
troscopy (EDX).

Analysis of water samples
The metals in solutions were analysed using 
the Inductively coupled plasma mass spec-
trometry (ICP-MS), XSeries 2, ICP-MS, 

supplied by Thermo scientific, from Hanna-
Kunath-Str. 11 28199 Bremen, Germany. The 
ion chromatography was used to quantify 
sulphate in solution.

Results and discussion
Treatment of MWW and production of 
struvite
Characterization of sludge produced during 
MWW treatment
After addition of magnesite for the treatment 
of MWW with or without supplementation of 
potassium hydrogen phosphate (tab. 1), the 
sludge was collected and analyzed using XRD 
to determine the mineralogical composition. 
It was found that five main minerals were 
dominant in the sludge, including struvite, 
potassium aluminosilicate, magnetite, dical-
cium diphosphate and sillimanite (tab. 2). 
As shown in Table 2, the highest (36.7%) 
production of struvite was achieved when 
there was no supplementation of phosphate; 
implying that there was enough phosphate 
in the MWW to react with ammonia and 
magnesium for the formation of magnesium 
ammonium phosphate (MAP) also known as 
struvite [8].

[PO4]
pH EC ORP

Initial Final Initial Final Initial Final

No phosphate 7.04 9.28 0.306 0.104 -13 -143

150 mg/L 6.92 8.87 0.341 0.278 -3 -126

300 mg/L 7.11 7.98 0.410 0.240 -9 -70

Table 1 Effect of phosphate concentration on the physico-chemical characteristic of wastewater samples

Minerals Formula
Content %

X1 X2 X3

Struvite MgNH4PO4(H2O)6 36.7 31 13.2

Potassium aluminosilicate K2Fe6Si6Al2O20(OH)2 25.9 1.96 28.6

Magnetite Fe3O4 7.4 2.6 44

Dicalcium Diphosphate Ca2P2O7 16.4 2.8 3.7

Sillimanite Al2SiO5 13.6 62 10.5

Table 2 Mineralogical composition of the sludge produced from MWW treatment

X1: No PO4; X2: 150 g PO4; X3: 300 g PO4
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Elemental composition of the MWW sludge
The EDS results (fig. 1) clearly show the 
abundance (2.6 and 2.8%) of phosphorus 
in the sludge samples from the reactors 
supplemented with phosphate, while the 
sludge sample from the non-supplemented 
reactor only contains 0.5% phosphorus. The 
magnesium was relatively high in all the 
sludge samples as it was mainly derived from 
magnesite.

AMD treatment using struvite
Neutralization of AMD
The pH, EC, Ca and Mg were recorded over 
time during the treatment of AMD with the 
MWW sludge; the results (fig. 2) show that 
the pH of the solution increases with an 
increase in time, reaching a pH of 11 after 60 
min. The Mg concentration also significantly 
increased, this was due to the fact that when 

Figure 1 EDS elemental composition of sludge from MWW treatment (a) no phosphate treatment; (b) 150 g 
phosphate added and (c) 300 g of phosphate added

(b)

(a)

(c)
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in contact with AMD, Mg from the magnesite 
mainly forms MgSO4 which is very stable in 
solution. The EC level and Ca concentration 
did not vary much after 60 min.
Removal of metals and sulphate from AMD
Most of the metals in solution were almost 
totally removed (>90% removal) after 30 min 
(fig. 3). This corresponded to a pH value of 8; 
a pH at which most of the metal are no longer 
soluble, forming complexes that precipitate 
and form the sludge. However, only about 
30% of sulphate was removed after 60 min; 
as explained above, most of the sulphate may 
have reacted with Mg to form MgSO4 which 
is highly stable in solution.

Characterization of AMD sludge
Mineralogical composition
The results of the mineralogical analysis 
(tab.  3) show that about nine minerals 
including dicalcium diphosphate, aluminum 
phosphate, iron sulfide, calcium phosphide, 
silicon oxide, iron phosphate, trimagnesium 
bis-phosphate, struvite and calcium iron 
phosphate were prevalent in the AMD 
sludge. Iron phosphate which is the mineral 
of interest was mainly recovered (55.78%) 
at pH 3 (which is the expected pH for the 
precipitation of ferric iron) while very low 
recovery (4.56%) was achieved at pH 4.5. The 
struvite content was very low (1.28%) in the 

Figure 2 Variation of physico-chemical parameters during the treatment of AMD

Figure 3 Effect of mixing time on the removal of metals during the treatment of AMD
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sludge collected at pH 3 compared (10.87%) to 
the sludge collected at pH 4.5, because strong 
acidic conditions contributed to dissolution 
of struvite into its main constituents which 
reacted with ions in solution.

SEM images
The SEM images (fig. 4) show that the 
particles in the sludge collected at pH 3 were 
coarser than those in sludge collected at pH 
4.5. The crystallinity of the latter was more 
pronounced indicating the purity of the salts 
formed at pH 4.5. It was evident that at pH 
3 some impurities precipitated with the main 
salts such iron phosphate and aluminium 
phosphate.

Elemental composition
The EDS results (fig. 5) showing higher 
content (14.1%) of iron in the sludge collected 
at pH 3 compared to the sludge collected 
at pH 4.5, also confirming the preferential 
precipitation of iron phosphate at pH 3.

Conclusion
The aim of this study was to optimize the 
production of struvite during the treatment 
of MWW and assess the potential of struvite 
for the treatment of AMD and recovery 
of ferric phosphate. It was found that the 
supplementation of phosphate during 
MWW treatment with magnesite does not 
improve the formation of struvite. Struvite 

Phase name Formula
Content %

pH 3 pH 4.5

Dicalcium Diphosphate Ca2P2O7 10.6 40.03

Aluminum Phosphate Al(PO4) 20.18 0.26

Iron Sulfide FexSy 3.71 1.38

Calcium Phosphide CaP3 0.34 8.39

Silicon Oxide SiO2 0.1 0.076

Iron Phosphate Fex(PO4)y 55.78 4.56

Trimagnesium bis-phosphate Mg3(PO4)2 0.54 7.32

Struvite MgNH4PO4(H2O)6 1.28 10.87

Calcium Iron Phosphate CaxFey(PO4)z 1.06 2.17

Table 3 Mineralogical composition of the sludge produced from AMD treatment

Figure 4 SEM images of the sludge produced from the treatment of AMD (a) sludge collected at pH 3, (b) 
sludge collected at pH 4.5

(a) (b)
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was found to effectively increase the pH 
of AMD and remove almost all the metals 
from the solution; however, only about 30% 
of sulphate was removed during the process. 
Further study is required to improve the 
purity of ferric phosphate recovered during 
the treatment of AMD.
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Abstract
Flood is a major adverse event that commonly happens in the Indonesia region. Many 
factors might cause floods such as extreme weather, climate changes, and the effects 
of alteration in land cover. In Indonesia, mining is one of the largest industries that 
contribute to land cover change thus suggesting its part as the main cause of the flood 
in the disturbed area. However, this justification cannot be fully concluded due to the 
strong capability of the vast area from the mining to be used as flood control. Utilization 
of mining existing openings i.e. voids, as a temporary water flood storage, could reserve 
functions similar to a detention basin hence might control the peak flood discharge. 
This void may serves as a buffer for runoff in a certain time before the stream flows back 
into the natural stream, and supports to reduce the peak flood quantity depending on 
its volume capacity.

In this research, a study of the calculation model from flood discharge was carried 
out using the Nakayasu Synthetic Unit Hydrograph method. Comparative analysis of 
flood discharge was calculated for 2 scenarios, before and after utilization of void as 
a flood control. The model was simulated in 2 catchments with a different condition 
(catchment C1 and C2, consecutively).

Based on the analysis for void conditions that have a dead-depth storage of 0.7 
times the maximum void depth, the peak flood discharge at catchment C1 with a 5-year 
return period rainfall decreases from 1028.24 m3/s to 577.44 m3/s (a decrease of 43.84% 
for daily rainfall), and 1440.32 m3/s to 938.22 m3/s (a decrease of 34.86% for bi-daily 
rainfall) after void utilization. Meanwhile, for void located in catchment C2, there was a 
decrease in peak flood discharge from 1015.07 m3/s to 484.25 m3/s (a decrease of 52.29% 
for daily rainfall) and 1386.84 m3/s to 890.38 m3/s (a decrease of 35.80% for bi-daily 
rainfall) after void utilization.

Above mentioned calculation and analysis suggests that the use of voids created by 
mining can reduce the peak flood discharge prior to being directed back into the natural 
stream, which can be used in flood control especially in tropical area.
Keywords: Mine Void, Flood Discharge, Storage, Nakayasu Hydrograph

Introduction 
South Kalimantan is one of the provinces 
in Indonesia that often floods. In early 
2021 of January, according to the BNPB of 
South Kalimantan, floods submerged 11 of 
the 13 districts/cities in this province. The 
leading cause is the occurrence of weather 
anomalies and high-intensity rainfall that 
occur in succession for some time, where 
the value of the bi-daily rainfall depth has 
exceeded the usual amount of monthly 

precipitation. However, in addition to the 
hydrometeorological conditions, the flood 
event can also be associated with changes in 
land cover, primarily related to the presence 
of mines.

There are two large sedimentary basins in 
South Kalimantan Province, namely Barito 
and Asam basins, which contain various rock 
formations, including several coal-bearing 
formations, hence numerous industries and 
mining activities are found in the area. One 
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of the characteristics of coal mining activities 
is the alteration in land and the formation 
of void (Tuheteru, et al. 2021). However, 
naturally, the existence of a mine in an area 
can be used, including for flood control. 
Voids or pit lakes (for the mined-out area 
which has been filled with water) can be used 
to accommodate runoff and excess water flow 
to reduce the runoff and flood discharge that 
would otherwise go directly into the river.

This research aims to simulate a void 
model for use in flood control using the Naka-
yasu Synthetic Unit Hydrograph method. 
Comparative analysis of flood discharge was 
calculated for two scenarios, before and after 
utilization of void as a flood control.

Methods 
Study Area
This study is conducted in an area within 
South Kalimantan Province, one of the 
provinces in Indonesia with the largest coal 
reserve and extensive coal mining operation. 
Mine voids were often left as legacies of coal 
mining, which extensively spread in the 
province. Furthermore, this province has high 
annual rainfall (more than 2000 mm/year) and 
is prone to flash-flooding events, especially in 
extreme and low-lying areas. The study area 
consists of 2 main catchments, catchment C1 

and catchment C2. Mine voids are located 
near the outlet of each catchment, Void-1 and 
Void-2, respectively. The location of the study, 
catchment area, and voids is shown in Figure 1

Unit Hydrograph using Nakayasu
There are several methods of calculating peak 
flood discharge and runoff function over time 
for ungauged catchments (Sivapalan, et al, 
2009), including the hydrograph unit method 
(Seibert and Beven, 2009). In this study, 
the Nakayasu unit hydrograph will be used 
since this method is suitable for estimating 
the runoff of areas ranging from 30 km2 to 
30,000 km2. Nakayasu has investigated unit 
hydrographs in Japan and provided a set of 
equations to calculate the peak discharge of 
a unit hydrograph which is formulated as 
follows (Safarina, 2011):

Where:
Qp : peak flood discharge (m3/s) 
C : runoff coefficient/watershed characteristic coefficient 
R0 : rainfall depth (mm)
A : catchment area (km2)
Tp : time to peak (hour); Tp= tg + 0,8 × Tr 
Tg : time lag (hour), Tg = 0,4 + 0,058 × L 2	
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Figure	1	Study	Area	of	Void	as	Flood	Control	

Unit	Hydrograph	using	Nakayasu	

There	are	several	methods	of	calculating	peak	flood	discharge	and	runoff	function	over	time	for	
ungauged	catchments	(Sivapalan,	et	al,	2009),	including	the	hydrograph	unit	method	(Seibert	and	
Beven,	 2009).	 In	 this	 study,	 the	 Nakayasu	 unit	 hydrograph	will	 be	 used	 since	 this	method	 is	
suitable	 for	 estimating	 the	 runoff	 of	 areas	 ranging	 from	30	 km2	 to	 30,000	 km2.	 Nakayasu	 has	
investigated	 unit	 hydrographs	 in	 Japan	 and	 provided	 a	 set	 of	 equations	 to	 calculate	 the	 peak	
discharge	of	a	unit	hydrograph	which	is	formulated	as	follows(Safarina,	2011)	:	

𝑄𝑄𝑄𝑄 =
𝐶𝐶 × 𝐴𝐴 × 𝑅𝑅!

3,6(0.3𝑇𝑇" + 𝑇𝑇!.$)
Where:	
Qp	 :	peak	flood	discharge	(m3/s)		
C	 :	runoff	coefficient/watershed	characteristic	
coefficient		
R0	 :	rainfall	depth	(mm)	
A	 :	catchment	area	(km2)	

Tp	 :	time	to	peak	(hour);	T𝑝𝑝= 𝑡𝑡𝑡𝑡 + 0,8 × 𝑇𝑇𝑇𝑇  
 
Tg	 :	time	lag	(hour),	Tg	=	0,4	+	0,058	×	𝐿𝐿		
L	 :	Length	of	stream	(kilometers)	

Figure 1 Study Area of Void as Flood Control
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L : Length of stream (kilometers)
Tr : duration of effective rainfall (hour), Tr = 0.85×Tg
T0,3 : time for 30% peak (hour), T0,3 = α × Tg
α : alpha coefficient, ranging from 1.5 - 3.0 (in this 

study = 1.50)

to be calculated, as an input for hydograph 
calculation. Daily rainfall and bi-daily rainfall 
depth in milimeters and their associated 
return period and probability of exceedance 
is shown in Table 1.

Nakayasu also gives several equations to 
calculate the ordinates forming a hydrograph. 
The unit hydrograph of Nakayasu consists of 
4 sections: rising limb (Qa), Falling Limb-1 
(Qd1), Falling Limb-2 (Qd2), and Falling 
Limb-3 (Qd3). The equation can be written 
as follows:

Water Balance and Hydrograph
Water balance and flood hydrograph is used 
to evaluate the peak flood rate and possibility 
of void (for the mined-out area which 
has been filled with water) can be used to 
accommodate runoff and excess water flow 
to reduce the runoff and flood discharge that 
should go directly into the river. In this study, 
it is assumed that void will contain all runoff 
discharge from initial rainfall events up to its 
full capacity and thereafter all the discharge 
will be from runoff discharge. 

Data and Analysis
Rainfall at Extreme Events
To simulate peak flow from runoff for each 
catchments, extreme rainfall events need 

Figure 2 Nakayasu Hydrograph and The Calculation Method

Daily rainfall and bi-daily rainfall are 
used in this study since most of extreme 
rainfall events are occurred within 1 day and 
2 consencutive days. In this study, return 
period of 5 years (probability of exceedance 
20%) will be used in subsequent analysis. 

Return 
Period 
(year)

Probability of 
Exceedance

Daily 
Rainfall 

(mm)

Bi-Daily 
Rainfall 

(mm)

1.03 0.97 62.00 69.8

1.95 0.51 99.10 128.7

2.00 0.50 99.95 130.5

5.00 0.20 118.04 161.4

10.00 0.10 121.80 169.7

31.00 0.03 145.00 224.4

Table 1 Extreme Rainfall Events
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Catchment Geometrical Parameter 
Calculations of catchment areas (Catchment 
1 and Catchment 2) and their geometrical 
parameter used in hydrograph calculationis 
shown in Table 2. 

Void Storage 
Two voids are used as research objects, voids 
V1 (located in C1) and V2 (located in C2). 
Each void has different storage volume of at 
least 17 000 000 cubic meters and 10 400 000 
cubic meter, respectively. The voids storage 
volumes are calculated by assumption that 30% 
of total void volume is available for storage. 

Hydrograph Calculation
Calculation and analysis of the flood hy-
drograph are taking place using two scena-
rios: 1. Runoff Hydrograph using Daily 
Rainfall, 5-year return period and 2. Runoff 

Hydrograph using Bi-daily Rainfall, 5-year 
return period. Both scenarios include a 
hydrograph of conditions without void 
utilization as flood control. 

Hydrograph Results 
The peak flood discharge at catchment C1 
with a 5-year return period rainfall decreases 
from 1028.24 m3/s to 577.44 m3/s (a decrease 
of 43.84% for daily rain), and 1440.32 m3/s 
to 938.22 m3/s (a reduction of 34.86% for 
bi-daily rainfall) after void utilization as 
shown in Figure 3 and Figure 4. Meanwhile, 
for void located in catchment C2, there was 
a decrease in peak flood discharge from 
1015.07 m3/s to 484.25 m3/s (a reduction of 
52.29% for daily rainfall) and 1386.84 m3/s 
to 890.38 m3/s (a reduction of 35.80% for bi-
daily rain) after void utilization as shown in 
Figure 5 and Figure 6.

Catchment ID

Area
Natural 
Stream 
Length

Highest Point 
Elevation

Lowest Point 
Elevation

Elevation 
Difference

Slope

A L Z1 Z2 dZ S

km2 km mdpl mdpl m m/m

C1 544.20 72.04 305 46 259 0.36

C2 344.75 39.42 155 46 109 0.28

Table 2 Catchment Geometrical Parameter

Figure 3 Hydrograph of Void located in catchment C1 (Daily Rainfall, 5-year return period)
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Figure 4 Hydrograph of Void located in catchment C1 (Bi-daily Rainfall, 5-year return period)

Figure 5 Hydrograph of Void located in catchment C1 (Daily Rainfall, 5-year return period)

Figure 6 Hydrograph of Void located in catchment C2 (Bi-daily Rainfall, 5-year return period)
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Conclusions
In addition to cutting and decreasing peak 
discharge, the use of voids in storing water 
will also shift the delay time of the hydrograph 
formed. This significant decrease in flood 
discharge occurs because all the initial inflow 
discharge will be accommodated directly 
in the void, and no discharge will come out 
until the water level in the void is still below 
the basic elevation of the open channel. The 
water will come back out of the void when the 
water level in the void has passed the runoff 
point and flows out through the drainage 
channel in the form of an open channel. 
The output discharge will have a value that 
is proportional to the water level as it passes 
through the open channel. However, if the 
discharge that enters the void is still of large 
value, then in this condition, the outflow that 
flows is the same value as the inflow discharge 
that enters the void.
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Abstract
This paper presents the results of a study into the use of construction and demolition waste 
(C&DW) in the in situ treatment of mine impacted water (MIW). South Africa (SA) is a 
developing country with the construction industry at the core of this development. The 
industry generates approximately 5-8 million tons of construction and demolition waste 
(C&DW) per annum, one of which is waste concrete (WC). The majority of the waste 
is landfilled with some repurposed in the same industry. In hindsight, SA is also faced 
with the high cost of MIW treatment due to the high cost of pumping and neutralising 
materials. To resolve these issues, WC slurry was evaluated at a laboratory scale for the 
in situ treatment of MIW to provide an alternative to the typical techniques that are 
currently used in SA. Laboratory findings of the study showed that WC may present an 
alternative option for MIW treatment over the conventional use of lime and limestone. 
The use of waste concrete would be an excellent form of waste beneficiation and a cost-
effective method of managing MIW in SA. 
Keywords: Construction and demolition waste, mine influenced water, in situ mine 
water treatment, waste concrete, waste concrete slurry

Introduction
For more than a century, the South African 
mining sector has played a significant role 
in the economic development of the country 
(Mineral Council of South Africa, 2018, 
formerly Chamber of Mines). However, 
historical mining has led to the degradation 
of the environment (Botha 2015; Haddaway 
et al. 2019; Chetty et al. 2021). The negative 
legacy of mine water discharge from 
underground mines onto the surface has 
left the government responsible for the 
management of mine water discharge in the 
country (Feris & Kotze 2014) which is the case 
in the Witwatersrand goldfields. The current 
techniques of mine water treatment and 
management in Witwatersrand, have high-
cost implications due to the cost of pumping 
and require extensive, regular monitoring 
and maintenance and yet still produce high 

salinity effluent (Department of Water Affairs 
2012). Thus, alternative mine water treatment 
technologies are often sought to lower the 
cost of the mine water treatment.

The Inter-Ministerial Committee (IMC) 
Report on Acid Mine Drainage published 
short and medium to long term strategies 
for managing mine influenced water (MIW) 
in the Witwatersrand Basin (Department of 
Water Affairs, 2010). In the report, in situ 
mine water treatment was identified as a 
medium to long term strategy for managing 
MIW in the region (Department of Water 
Affairs 2010; Vadapalli and Coetzee, 2019), 
consequently, laboratory scale investigations 
on the feasibility of in situ mine water 
treatment were commissioned and carried 
out at the Council for Geoscience (CGS) 
(Nyale et al. 2020; Coetzee et al. 2021). 
During the laboratory investigations, 
construction and demolition waste (C&DW), 
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specifically waste concrete (WC) was assessed 
as a neutralising material over the typical 
neutralising material due to its lime content. 
In situ mine water treatment also known 
as direct dosing offers an alternative to the 
traditional pump and treat method, which is 
temporal. Moreover, the substitution of lime 
with waste concrete (WC) offers a cheaper 
option than the use of commercial lime. On 
average, the cost of lime is R102.00 per 50 
Kg. An estimate by Maree (2013) showed 
that the capital cost for MIW pump station 
for the three basins in the Witwatersrand to 
maintain the recommended Environmental 
Critical Level (ECL) of  150 m, 200 m and 400 
m respectively for the Western, Central and 
Eastern Basin will amount to R211.4 Million 
and the electrical power cost was estimated at 
R57.8 million per annum.

While the overall cost of in situ mine 
water treatment has not been established, 
the treatment offers an alternative solution 
to the pump and treat method which carries 
exorbitant operation costs, moreover, the use 
of WC in mine water treatment lowers the 
costs associated with lime/limestone. South 
Africa’s construction industry generates 
approximately 5-8 million tons of C&DW per 
annum (Bester et al. 2017), one of which is 
WC. With the rise in the construction of new 
cities, the production of C&DW will likely be 
more pronounced, providing an opportunity 
for reuse in mine water treatment. The cost 
of repurposing and handling C&DW is quite 
high, for example, the 2018 cost related to 
demolition, reduction, and reclamation 
of heavy concrete with a thickness greater 
than 750 mm per cubic metre is R1 283.62 
(Ohemeng & Ekolu 2020). Measures put in 
place to promote recycling are necessary to 
achieve zero-landfill status as well as improve 
the status quo of the environment. 

Experimental approach
laboratory trials were conducted to simulate 
the injection of alkaline materials into 
flooded mine voids. WC boulders sourced 
locally from demolished concrete structures 
were crushed to a fine powder (<75 microns) 
and the bulk chemical composition and 
mineralogy were determined using X-ray 
fluorescence spectroscopy (XRF) and X-ray 
diffraction (XRD) analysis, respectively. WC 

slurry made from mixes of WC and tap water 
at a liquid: solid ratio of 2:1 was formulated 
and introduced into a reaction container 
containing untreated mine water collected 
from Central Basin Acid Mine Drainage 
Treatment Plant in Germiston to form a 
slurry: mine water ratio of 13:1, mimicking 
the inside of flooded mine void (Figure 1). 

The pH and electrical conductivity (EC) 
of the raw mine water samples and treated 
mine water samples (after 28 days) were 
measured, and the chemical composition 
was determined using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS). The 
laboratory simulation experiment sought to 
address the following: 
• Determine the dosage regimen of the al-

kaline material i.e., the amount of treat-
ment slurry needed for a certain volume 
of raw mine water;

• Determine precipitate formation time 
frame; and

• The quality of treated water.

Results and discussions
It was anticipated that when the mine water 
came into contact with the treatment slurry, 
a chemical reaction would take place which 
would raise the pH of the mine water, and 
subsequently trigger the precipitation of 
metals and other contaminants. 

Figure 1: Laboratory testing setup

Moreover, the substitution of lime with waste concrete (WC) offers a cheaper option than the use of 
commercial lime. On average, the cost of lime is R102.00 per 50 Kg. An estimate by Maree (2013) 
showed that the capital cost for MIW pump station for the three basins in the Witwatersrand to 
maintain the recommended Environmental Critical Level (ECL) of  150 m, 200 m and 400 m 
respectively for the Western, Central and Eastern Basin will amount to R211.4 Million and the 
electrical power cost was estimated at R57.8 million per annum. 

While the overall cost of in situ mine water treatment has not been established, the treatment offers an 
alternative solution to the pump and treat method which carries exorbitant operation costs, moreover, 
the use of WC in mine water treatment lowers the costs associated with lime/limestone. South 
Africa’s construction industry generates approximately 5-8 million tons of C&DW per annum (Bester 
et al. 2017), one of which is WC. With the rise in the construction of new cities, the production of 
C&DW will likely be more pronounced, providing an opportunity for reuse in mine water treatment. 
The cost of repurposing and handling C&DW is quite high, for example, the 2018 cost related to 
demolition, reduction, and reclamation of heavy concrete with a thickness greater than 750 mm per 
cubic metre is R1 283.62 (Ohemeng & Ekolu 2020). Measures put in place to promote recycling are 
necessary to achieve zero-landfill status as well as improve the status quo of the environment.  

2. Experimental approach 

laboratory trials were conducted to simulate the injection of alkaline materials into flooded mine 
voids. WC boulders sourced locally from demolished concrete structures were crushed to a fine 
powder (�75 microns) and the bulk chemical composition and mineralogy were determined using X-
ray fluorescence spectroscopy (XRF) and X-ray diffraction (XRD) analysis, respectively. WC slurry 
made from mixes of WC and tap water at a liquid: solid ratio of 2:1 was formulated and introduced 
into a reaction container containing untreated mine water collected from Central Basin Acid Mine 
Drainage Treatment Plant in Germiston to form a slurry: mine water ratio of 13:1, mimicking the 
inside of flooded mine void (Figure 1).  

Figure 1: Laboratory testing setup 

The pH and electrical conductivity (EC) of the raw mine water samples and treated mine water 
samples (after 28 days) were measured, and the chemical composition was determined using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The laboratory simulation experiment 
sought to address the following:  

� Determine the dosage regimen of the alkaline material i.e., the amount of treatment slurry 
needed for a certain volume of raw mine water; 

� Determine precipitate formation time frame; and 
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Feedstock characterisation
The pH and EC characterisation of raw 
mine water revealed a pH of 5.61, which is 
slightly acidic, and an EC of 4.96 mS/cm. 
Further analysis of the chemical composition 
of the mine water revealed that mine water 
contained a significant amount of sulfate 
ions (3,563 mg/L) and relative amounts of Ca 
(514 mg/L), Fe (504 mg/L), Mg (223 mg/L) 
and Na (183 mg/L). Minor concentrations of 
chloride ions, Mn, Si, and K were reported 
at 97 mg/L, 26 mg/L, 18 mg/L, and 18 mg/L 
respectively. Other elements reported in trace 
amounts included Ti, Sr, Ni, As, B, Co, Li and 
Zn. Al, U, and Pb were reported in negligible 
amounts. The negligible quantity of Al in the 
raw mine water is noteworthy and strongly 
suggests that at the pH of 5.61, almost all of 
the Al had already precipitated out of the raw 
mine water.

The bulk elemental composition of WC 
as determined by XRF revealed that WC was 
predominantly composed of SiO2 (87%) with 
relative amounts of CaO (5.04%) and Al2O3 
(1.75%) as well as trace amounts of Fe2O3 
(0.77%), MgO (0.34%) and MnO (0.067%) 
respectively. The mineral phase quantification 
of CW as determined by XRD showed that 
WC contained a significant amount of quartz 

(93%) together with calcite (7.0%). After 
mixes of WC with tap water to create sludge, 
the resulting pH was raised to 10 and EC was 
reduced to 0.4 mS/cm.

Mine water treatment results
A rapid increase in pH from 5.6 to 6.6 was 
observed within one minute upon the 
introduction of waste concrete slurry into 
the raw mine water. The pH of WC treatment 
increased to reach 8 on day 7 of the water 
treatment process. From day 7 onwards, 
the pH stabilised and remained relatively 
constant such that after 28 days, the pH 
was 7.8. The results generally suggest that 
neutralisation of the mine water improved 
with contact time. Likewise, the EC readings 
decreased from 4.96 mS/cm to 3.52 mS/cm 
within one minute upon the introduction 
of WC slurry into the reaction tank. On day 
seven, the EC had reached 3.50 mS/cm with 
a final value of 3.84 mS/cm on day 28 (Figure 
2). 

After 28 days of in situ treatment, the 
sulfate concentration was reduced from 
3,563 mg/L to 2,479 mg/L which is similar 
to sulfate concentrations in the treated mine 
water discharged from the Central Basin 
Treatment Plant (2,522 mg/L). Calcium 

Figure 2: pH and electrical conductivity (EC) of raw mine water vs laboratory-treated water (28 days) vs 
treated water from Central Basin Acid Mine Drainage Treatment Plant.

� The quality of treated water. 
3. Results and discussions 

 
It was anticipated that when the mine water came into contact with the treatment slurry, a chemical 
reaction would take place which would raise the pH of the mine water, and subsequently trigger the 
precipitation of metals and other contaminants.  

3.1. Feedstock characterisation 

The pH and EC characterisation of raw mine water revealed a pH of 5.61, which is slightly acidic, and 
an EC of 4.96 mS/cm. Further analysis of the chemical composition of the mine water revealed that 
mine water contained a significant amount of sulfate ions (3,563 mg/L) and relative amounts of Ca 
(514 mg/L), Fe (504 mg/L), Mg (223 mg/L) and Na (183 mg/L). Minor concentrations of chloride 
ions, Mn, Si, and K were reported at 97 mg/L, 26 mg/L, 18 mg/L, and 18 mg/L respectively. Other 
elements reported in trace amounts included Ti, Sr, Ni, As, B, Co, Li and Zn. Al, U, and Pb were 
reported in negligible amounts. The negligible quantity of Al in the raw mine water is noteworthy and 
strongly suggests that at the pH of 5.61, almost all of the Al had already precipitated out of the raw 
mine water. 

The bulk elemental composition of WC as determined by XRF revealed that WC was predominantly 
composed of SiO2 (87%) with relative amounts of CaO (5.04%) and Al2O3 (1.75%) as well as trace 
amounts of Fe2O3 (0.77%), MgO (0.34%) and MnO (0.067%) respectively. The mineral phase 
quantification of CW as determined by XRD showed that WC contained a significant amount of 
quartz (93%) together with calcite (7.0%). After mixes of WC with tap water to create sludge, the 
resulting pH was raised to 10 and EC was reduced to 0.4 mS/cm. 

3.2. Mine water treatment results 

A rapid increase in pH from 5.6 to 6.6 was observed within one minute upon the introduction of waste 
concrete slurry into the raw mine water. The pH of WC treatment increased to reach 8 on day 7 of the 
water treatment process. From day 7 onwards, the pH stabilised and remained relatively constant such 
that after 28 days, the pH was 7.8. The results generally suggest that neutralisation of the mine water 
improved with contact time. Likewise, the EC readings decreased from 4.96 mS/cm to 3.52 mS/cm 
within one minute upon the introduction of WC slurry into the reaction tank. On day seven, the EC 
had reached 3.50 mS/cm with a final value of 3.84 mS/cm on day 28 (Figure 2).  

Figure 2: pH and electrical conductivity (EC) of raw mine water vs laboratory-treated water (28 days) 
vs treated water from Central Basin Acid Mine Drainage Treatment Plant. 
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from the waste concrete was leached into the 
reaction mixture with final concentrations of 
670 mg/L above the initial levels in the raw 
mine water (5.04%). A notable percentage 
of Fe and Mn levels were also observed to 
be removed in the final treated mine water 
to even lower levels compared to the treated 
mine water discharged from the treatment 
plant. These results indicate that WC is as 
effective to mine water treatment as other 
typical neutralising materials (lime and 
limestone) in the market.

A decrease in the concentration of 
sodium, magnesium and chloride was 
noticed after 28 days of treatment by WC 
slurry compared to the raw mine water and 
discharge from the treatment plant. These 
results suggest that waste concrete is more 
effective in the reduction of salinity over 
lime and may present a better option for 
mine water treatment in the Witwatersrand 
Basin. Other elements analysed included 
titanium, strontium, nickel, arsenic, boron, 
cobalt, lithium, zinc, rubidium, caesium, 

aluminium, barium, and uranium among 
others. The majority of trace elements were 
neither detected in the raw mine water nor in 
the laboratory-treated water.

Conclusions and recommendations
The injection of alkaline materials into 
flooded mine voids presents a good option for 
mine water treatment in the Witwatersrand 
goldfields. Results from the laboratory in situ 
simulation experiment showed that waste 
concrete may present an alternative option 
for MIW treatment over the conventional 
use of lime and limestone. The option of in 
situ mine water treatment over the pump and 
treat method has a huge potential to reduce 
the cost of mine water treatment and may 
result in a direct decrease in energy demands 
on Eskom, a state-owned utility that operates 
and maintains the bulk of the generation 
infrastructure as well as the nation’s 
transmission grid. Furthermore, the use of 
waste concrete would be an excellent form 
of waste beneficiation and a cost-effective 

Figure 3: Chemical composition of raw mine water Vs laboratory-treated water (28 days) vs treated water 
from the Central Basin Acid Mine Drainage Treatment Plant.

After 28 days of in situ treatment, the sulfate concentration was reduced from 3,563 mg/L to 2,479 
mg/L which is similar to sulfate concentrations in the treated mine water discharged from the Central 
Basin Treatment Plant (2,522 mg/L). Calcium from the waste concrete was leached into the reaction 
mixture with final concentrations of 670 mg/L above the initial levels in the raw mine water (5.04%). 
A notable percentage of Fe and Mn levels were also observed to be removed in the final treated mine 
water to even lower levels compared to the treated mine water discharged from the treatment plant. 
These results indicate that WC is as effective to mine water treatment as other typical neutralising 
materials (lime and limestone) in the market. 

Figure 3: Chemical composition of raw mine water Vs laboratory-treated water (28 days) vs treated 
water from the Central Basin Acid Mine Drainage Treatment Plant. 

A decrease in the concentration of sodium, magnesium and chloride was noticed after 28 days of 
treatment by WC slurry compared to the raw mine water and discharge from the treatment plant. 
These results suggest that waste concrete is more effective in the reduction of salinity over lime and 
may present a better option for mine water treatment in the Witwatersrand Basin. Other elements 
analysed included titanium, strontium, nickel, arsenic, boron, cobalt, lithium, zinc, rubidium, caesium, 
aluminium, barium, and uranium among others. The majority of trace elements were neither detected 
in the raw mine water nor in the laboratory-treated water. 

4. Conclusions and recommendations 
 
The injection of alkaline materials into flooded mine voids presents a good option for mine water 
treatment in the Witwatersrand goldfields. Results from the laboratory in situ simulation experiment 
showed that waste concrete may present an alternative option for MIW treatment over the 
conventional use of lime and limestone. The option of in situ mine water treatment over the pump and 
treat method has a huge potential to reduce the cost of mine water treatment and may result in a direct 
decrease in energy demands on Eskom, a state-owned utility that operates and maintains the bulk of 
the generation infrastructure as well as the nation’s transmission grid. Furthermore, the use of waste 
concrete would be an excellent form of waste beneficiation and a cost-effective method of managing 
MIW in South Africa over the use of traditional alkaline materials such as lime and limestone.  
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method of managing MIW in South Africa 
over the use of traditional alkaline materials 
such as lime and limestone. 

The following recommendations are 
made:
• Determination of the long term stability 

of precipitates formed during the in situ 
mine water treatment process;

• Assess the properties of waste concrete 
sludge for alternative uses;

• Investigate the cost of in situ mine water 
treatment in comparison to the active 
treatment options;

• Establish the application method for in 
situ mine water treatment in the Wit-
watersrand especially considering the 
underground complexities of the Witwa-
tersrand Basin, and

• Establish a pilot site to test field applica-
tion of in situ mine water treatment.
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Abstract
Nitrate is considered to present the most widespread groundwater contaminant globally 
and levels of nitrate related contamination are increasing (Spalding & Exner 1993; Abascal 
et al. 2022). While the main anthropogenic sources of nitrate include fertilisers, animal 
and human waste, discharge of inadequately treated industrial wastewaters and leachate 
from landfill sites; mining specific sources, such as the use of nitrogen-based explosives, 
are getting increasing attention when assessing potential water quality impacts associated 
with mining (Brochu 2010; Bosman 2014; Nilson 2016; Hendry et al. 2018). 

To assess the potential influence of nitrogen sources at mine sites, a meta-analysis 
was undertaken of several studies available in the public literature. Based on the meta-
analysis of 10 sites, a description of nitrate concentrations attributed to background 
conditions and nitrate concentrations attributed to mining related activities is provided. 
This study further outlines recommended management considerations, including 
methods to identify background contributions to nitrate concentrations, a framework 
for assessing the potential risk associated with mine influenced nitrate concentrations 
in groundwater, as well as remedial technologies that can be applied where required. 
Keywords: Nitrate, Ammonium, Nitrogen, Water Quality, ANFO

Introduction 
Nitrate is considered to present the most 
widespread groundwater contaminant glo-
bally and levels of nitrate related contami-
nation are increasing through human activity 
(Spalding & Exner 1993; Abascal et al. 2022). 
Potential water quality effects of elevated 
nitrate concentrations include health effects 
(specifically through the development of 
methemoglobinemia – to which infants are 
most suspectable [WHO  2016]), as well as 
environmental effects through eutrophication 
of water bodies which is typically detrimental 
to species diversity and which can lead to 
toxic blue-algae blooms (Clarke et al. 2017). 
The main anthropogenic sources of nitrate 
include fertilisers, animal and human waste, 
discharge of inadequately treated industrial 
wastewaters and leachate from landfill sites 
(Gutiérrez et al. 2018; Abascal et al. 2022). 

Mining specific sources include the 
release of nitrogen previously contained 
within undisturbed lithologies and the use 
of nitrogen-based explosives (Brochu 2010; 
Bosman 2014; Nilson 2016; Hendry et al. 2018). 
Metasedimetary and metavolcanic lithologies 
can be naturally elevated in elemental 
nitrogen (Bosman 2014), and disturbance of 
these rock units along with exposure to the 
atmosphere can lead to seepage with elevated 
nitrogen concentrations being released to the 
environment (similar to the release of sulfates 
following sulfide oxidation in disturbed rock 
units). The dominant mine related source 
of nitrate at mine sites constitutes nitrogen-
based explosives, of which Ammonium 
Nitrate Fuel Oil (ANFO) is the most widely 
used globally (Brochu 2010; Hendry et al. 
2018). The nitrogen contained in ANFO is 
highly water soluble, and the decomposition 



IMWA 2022 – "Reconnect"

112 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

of undetonated ANFO can result in elevated 
nitrate concentrations in seepage emanating 
from mineral waste storage areas. While a 
number of potential mine related sources are 
considered, potential nitrate contributions 
associated with the use of ANFO forms the 
main focus of the studies evaluated as part of 
the meta-analysis.

Methods 
A meta-analysis was undertaken of several 
studies available in the public literature. 
These studies present the results of site-
specific assessments evaluating potential 
contributions of mining related activities to 
nitrate concentrations in groundwater, and 
concentrations attributed to background 
conditions. Studies considering background 
contributions included assessments utilising 
the stable isotopic composition of nitrate 
(δ15N- and δ18O-NO3). Where available, con-
centration data for other nitrogen species 
(such as ammonium) were included in the 
meta-analysis summary to provide poten-
tial insights into relative nitrogen loads 
and nitrogen cycling at the study sites. 
Geographical locations of case studies 
varied from Africa, Asia to Australia, and 
North America. 

Results
Nitrate concentrations (as NO3-N) attributed 
to background conditions were generally 
<  1  mg/L at the 10 mine sites. While 
background concentrations were generally 
< 1 mg/L, NO3-N concentrations as high as 
54 mg/L has been attributed to background 
conditions in undeveloped (non-mining 
areas) of Central Australia (Salvestrin & 
Hagare, 2009). Nitrate concentrations attri-
buted to mining influence, along with upper 
levels of background concentrations derived 
at the respective mine sites (where available), 
are shown in Figure 1. The concentrations 
attributed to mine influence, for the studies 
forming part of the meta-analysis, ranged 
between 1.5 and 60 mg/L NO3-N.

Summary and Implications
This study presents a discussion of potential 
nitrogen sources at mine sites within the 
context of the nitrogen cycle as well as 
the results of a meta-analysis of nitrate 
concentrations at 10 mine sites. The results 
include a description of nitrate concentrations 
attributed to background conditions and 
nitrate concentrations attributed to mining 
related activities. 

Figure 1 Nitrate Concentrations Attributed to Background and Mine Influence
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Management considerations for nitrate at 
mine sites include:
• methods to identify background contri-

butions to nitrate-concentrations;
• a framework for assessing the potential 

risk associated with mine influenced ni-
trate concentrations in groundwater; and

• assessment of remedial technologies in-
cluding passive and active remediation 
approaches.
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Abstract
Combined mineralogical, geophysical and petrophysical methods are necessary to 
determine the hydraulic conductivity and the so-called healing potential of fractures 
within “Emscher-Formation” which acts as a cap rock during rebound. From the 
mineralogy and especially the clay-mineralogy of the “Emscher-Formation” one can 
infer key aspects of hydraulic behaviour of the rock. Due to their small grain size, 
the large surface area and their interactions at the molecular level, the amount of 
clay minerals and their different phases influence the petrophysical behaviour. X-ray 
diffraction analyses, using different approaches and sample preparations to determine 
and quantify the mineral composition has been used. 
Keywords: Clay Mineralogy, XRD, Rietveld, Cap Rock 

Introduction 
Cuttings and core material from monitoring 
well “Waltrop 2”, which was spudded in July 
2018, was analyzed for special clay mineral 
analysis using a combined X-ray diffraction 
(XRD)-Rietveld post-processing approach. 
Well site “Waltrop 2” is situated 15 km north 
of the city of Dortmund, Ruhr District, North 
Rhine Westphalia, Germany. The closest 
mine shaft called “Waltrop 3” is located 6 
km south of the monitoring well (Fig. 1). 
The sampled section ranges from 40 m to 
488 m TVD. The Emscher-Formation(Upper 
Santonian – Middle Coniacian) consists 
of clayish to marly dark grey monotonous 
bioturbated sediments (Hiß et al., 1995). 
The Emscher-Formation generally acts as a 
regional hydraulic barrier. Within the mine 
water rebound process associated with the 
former hard coal mining region of this area, 
it is regarded as an important natural barrier 
protecting regional drinking water reservoirs. 
To estimate the self-sealing potential of the 
Emscher Formation the amount of clay 
mineral content and especially the amount 
of swelling clay minerals(smectite) have been 
evaluated in ten cutting-samples taken every 
20 m of the analysed core section. In addition 

to the cutting-samples, 16 core-samples of the 
lower section where analysed as bulk powder 
samples.

Clay minerals are hydrous aluminium 
phyllosilicates, are mostly part of the grain 
size fraction <2 µm and can be classified in 
four different groups due to their internal 
layer structure. These groups are: kaolinites, 
chlorites, illites and smectites. Clay minerals 
exhibit a high surface area, have the ability 
of cation exchange and in particular the 
smectite group has the ability to incorporate 
water within its layers and has the ability to 
swell by incorporating water molecules in 
the lattice (Moore & Reynolds, 1997). The 
proportion of swelling clays compared to the 
overall amount of clay minerals present in the 
rock matrix was determined to estimate the 
amount of plastic behavior and crack healing 
potential of the marls and marly carbonates.

Methods 
Drilled cores (depth 15 m-71 m) from the 
drilling “Waltrop 1” (Genth et al., 2021) and 
the cores of the drilling “Waltrop 2” (depth 
440 m – 611 m) have been described using 
classic protocols for visual and lithological 
core inspection on the site of the Geological 
Survey of North Rhine Westphalia (GD 
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NRW). The analysed samples are cuttings 
from the drilling “Waltrop 2” (40 m – 430 m 
TVD) in the text named as “cutting-samples” 
and an additional core sample set named as 
“core-samples”. The core sample set is taken 
close to the lithostratigraphic transition to 
the underlying “Erwitte Formation” (434.8 
m – 487.9 m TVD) which is called locally 
calcareous to marly transition beds. The wells 
“Waltrop 1” and “Waltrop 2” are located in 
the same area, with a distance of pprox.. 25 m 
to each other. All samples were cleaned to be 
free of drilling fluid. 

Prior to X-ray diffraction (XRD) pre-
paration bulk samples were analysed for 
its inorganic and organic carbon content 
using thermal elemental analyser SoliTOC 
at GD NRW. The XRD measurements for 
quantification of wt.% of mineral content were 
conducted at the German Mining Museum 
Bochum (DBM) using a Panalytical X‘pert 
Pro instrument. Diffraction parameters were 
as follows: Wavelength CuKa=1.541 Å; tube 
voltage=40 kV, tube current=45 mA; primary/
secondary soller slit=0.04 rad; beam mask= 
10 mm; anti scatter slit=variable; measuring 

range=5-70° 2 Theta; step size=0.0167° 2 Theta; 
scan speed speed=20 seconds/step. Twenty-
two bulk cutting-samples were measured 
with an automatic divergence slit. Half of the 
bulk cutting-samples were de-carbonated, 
ground using a ball mill and then measured 
with 0,25° divergence slit. In addition 19 bulk 
core-samples where measured with a 0.25° 
divergence slit. The amounts were quantified 
by Rietveld refinement method using the 
software “Profex”(Doebelin & Kleeberg, 2015). 

For further clay mineral identification, 
oriented cutting-samples were prepared. To 
minimize the amount of non-clay minerals, 
the cutting-samples were separated in to the 
<2µm grain section. The separation was done 
by using classical Stokes law procedure. The 
sample was brought in suspension using a 
ULTRA-TURRAX dispersing tool and 10 
mg of tetra-sodium pyrophosphate. The 
separation process was conducted, by using 
a centrifuge with a sample volume of 100 
ml (Poppe et al., 2001). After drying and 
cleaning from dispersing agent, the samples 
were brought in suspension again. A vacuum 
apparatus with a Millipore 0.45 µm pore size 

Figure 1 Bedrock geology map of the Muensterland Basin and Rhenish Massif, North Rhine Westphalia, 
Germany, Quaternary and Tertiary strata removed, sample material/drill cores from drill site  
(marked by red star); close up map: district borders (red line)
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filter was used for orientation of the clay 
minerals perpendicular to their c axis. The 
“wet” filter was then transferred to regular 
glass slide, by pressing the filter slightly on to 
it (Fig. 2). 

Ten de-carbonated cutting-samples were 
grain size separated including the <2 µm clay 
fraction. The samples were measured using 
a 0.5° divergence slit after certain separate 
treatments: air dried, glycolated and heated 
to 550°C. By comparison of the different 
oriented samples, the ordering type and the 
ratio of illite/smectite(I/S) mixed layer clays as 
well the amount of chlorite were determined 
(Moore & Reynolds, 1997). The results of the 
inorganic carbon content combined with the 
XRD wt. % results were plotted vs. depth. A 
lithological classification scheme based on 
DIN 22015 (1993) was used.

Results
The carbonate content analyses of the cutting-
samples exhibit an average amount of CaCO3= 
38.26 wt. %. It ranges between a minimum of 
24.20 wt. % and a maximum of 56.70 wt.% in 
the analysed section (Fig. 3). The measured 
CaCO3 content consists entirely of calcite and 
increases with depth. Every cutting-sample 
contains well quantifiable amounts of the 
following minerals: calcite, quartz, I/S mixed 
layer clays, illite/muscovite and kaolinite. 

Accessory minerals were chlorite, pyrite and 
feldspars. Within the de-carbonated random 
powder cutting-samples, the large amounts 
of quartz, I/S mixed layer clays, and illite/
muscovite were verified. The average amount 
of minerals within the entire random powder 
cutting-sample set in decreasing wt. % order 
are: calcite (38.26 wt. %), quartz (23.63 wt. 
%), I/S mixed layer clays (18.39 wt. %), illite/
muscovite (15.18 wt. %), kaolinite/ chlorite 
(3.23 wt. %), feldspar (0.55 wt. %) and pyrite 
(0.45 wt. %). In Fig. 3 the increase of calcite 
with depth is highlighted.

The amount of I/S mixed layer clays 
and illite/muscovite do not exhibit a strong 
tendency with depth. The maximum amount 
of I/S mixed layer clays and illite/muscovite in 
the dataset with 23.69 wt. % and 19.53 wt. % 
respectively is observed in the 200 m cutting-
sample. The amount of kaolinite/chlorite 
indicates only a slight tendency with depth, 
exhibiting the lowest amount in the deepest 
cutting-sample. The analyses of the oriented 
cutting-samples (Fig. 4) have demonstrated 
that quartz is ubiquitously present in the 
<2 µm fraction. This amount of quartz was 
called “microquartz”. The differentiation 
of chlorite vs. kaolinite was determined in 
oriented cutting-samples after heating to 
550°C. Chlorite content increases with depth 
in the sample set. Chlorite content could not 

Figure 2 Making the oriented texture sample in order to oriented the clay minerals perpendicular to  
the c-axis 



IMWA 2022 – "Reconnect"

118 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

be quantified in the random powder cutting-
samples. The ordering type of I/S mixed layer 
clays was determined to be random. The 
amount of illite within the I/S mixed layer 
clays was measured to be in between 10 – 25 
wt. % in all oriented cutting-samples. 

The amount of calcite in the measured 
bulk core samples continues to increase until 
a max. of 92.8 wt. %. The amount of all other 

mineral decreases with kaolinite not being 
able to quantify in most core-samples (Fig. 3). 
The average amount of minerals within the 
entire random powder core sample set in 
decreasing wt. % order are: calcite (78.26 wt. 
%), illite/muscovite (8.18 wt. %), quartz (7.96 
wt. %), I/S mixed layer clays (4.46 wt. %), 
kaolinite/ chlorite (0.44 wt. %), pyrite (0.35 
wt. %) and feldspar (0.26 wt. %). Because 

Figure 3 Mineral composition of the random powder samples vs. depth, including lithostratigraphy
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CaCO3 was measured thermally for both 
sample sets (cutting and core), the amount 
of calcite quantified via Rietveld vs. CaCO3 
thermal method could be compared. The 
deviation of the two procedures has a mean 
value of 7 wt. %.

Conclusions 
The plasticity of smectite in I/S mixed layer 
clays is an important parameter when it 
comes to permeability of formations and 
the behaviour of the rock with respect to its 
“self-healing potential” of brittle deformation 
features, i.e. crack/joint/fracture propagation. 
High smectite content in I/S mixed layer 
clays, indicate high potential for impermeable 
behaviour – even in tectonically exposed 
regions. The observed ordering type in I/S 
mixed layer clays as geothermometer indicates 
low diagenesis potential with moderate tem-
peratures up to 60°C. As a second diagenetic 
indicator, chlorite formation was examined. 
Its amount increases with depth in the 
formation as a potential indication for its 
diagenetic nature (Moore & Reynolds, 1997). 

Consistently, Gasse, (1987) who previously 
analysed the geochemistry of the Emscher-
Formation using XRD, observed a similar 
trend of chlorite content in the lower part 
of the formation. The increasing amount of 
calcite with depth indicates a trend to the 
more hemipelagic carbonate dominated 
Ceno manian-Turonian “Plänerkalkstein” 
with in the basin history in contrast to more 
det rital dominated formations during later 
stages of the basin fill. The higher detrital 
sediment supply stems either from inversion 
related uplift in the northern part of the 
basin, or from reworked older sediments 
or a combination of both. The observed 
high abundance of microquartz (quartz in 
the <2 µm fraction) might influence the 
permeability of the rock. The rock might 
behave more brittle if more microquartz is 
present and could act as a fracture dominated 
fluid conduit compared to a tight formation. 

Due to the high amounts of quartz, 
possible >60° 2Theta clay mineral peaks, 
could not be identified. The quartz phase has 
a set of intensive peaks in that range which 

Figure 4 Diffractograms of de-carbonated, oriented texture samples, core depth 430m; pre-treatment: air 
dried (green); glycol solvated (blue) and 550°C heated (red); (hkl) lattice planes notation.
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makes it impossible to identify other peaks. 
The huge variants of thermal vs. Rietveld 
measured CaCO3 might be caused by small 
sample sizes and poor grinding caused by the 
ball mill. 

Outlook
For further research of the clay fraction, 
which probably contains high amounts of 
microquartz, SEM analyses are planned. 
Analysis of samples from the wells “Pferde-
kamp 1” and “Ost 5” are planned. For more 
reliable X-ray diffractograms, the samples 
need to be more homogeneous in terms of 
sample mass and grain size. This is being 
achieved with a greater sample mass, which 
is easier to take on core-samples. A more 
homogeneous grainsize distribution achieved 
using an XRD dedicated mill. To make the 
Rietveld analyses and quantifications more 
precise, an internal standard (Corundum) 
is being used in the Bulk and decarbonated 
powder samples. To identify the different 
clay minerals better, the texture samples will 
be prepared with <1 µm sample material, 
so that quartz phases aren’t interfering with 
the clay phases. Also <1 µm powder samples 
will be prepared, to identify the >60° 2Theta 
clay mineral peaks, without the interference 
of quartz phases. For a better lithological 
classification, the grain size distribution will 
be determined for all samples. For a better 
verification of the calculated elementary 
composition, X-ray fluorescence analyses of 
core-samples will be investigated. 
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Abstract
Mining waste characterization is a standard practice in the mining industry. A good 
characterization of such waste might prevent them from impacting the surroundings, 
mainly due to water infiltration and runoff. Since most mines generate acid drainages, 
current protocols are designed to detect potential acid rock drainages (ARD), 
overlooking the potential hazards of the mines that produce alkaline drainage, 
particularly frequent in South Africa. A detailed mineralogical characterization will not 
only improve the characterization and classification of mining waste but will also assist 
in the revalorization of those wastes. The recycling of tailings and waste rock dumps 
could lead to a circular economy model for the mining industry, which would have 
an economic benefit for the mines, reduction on the waste of resources and ultimately 
elimination of the potential source of water pollution. To achieve this, a detailed 
study of the waste produced at Phalaborwa Complex (PC), South Africa, was carried 
out by combining conventional, novel and modified ARD prediction methodologies, 
leachate tests, sequential extractions (SE), pseudo-total digestions and an in-depth 
mineralogical characterization using X-ray diffraction, petrographic and scanning 
electron microscope with energy dispersive spectroscopy and electron probe micro-
analyzer. The results showed that there is a very low probability of ARD formation, due 
to the high content of calcite (25-67 wt%) and dolomite (up to 13 wt%) together with the 
low content or complete absence of Fe-sulfide minerals, mostly chalcopyrite and pyrite 
(0 to 0.5 and 0.3 wt%, respectively). These alkaline wastes would release mostly sulfate 
and non-toxic elements such as Ca, Mg, Na and K, not regulated but still a concern if 
released in high concentration. In addition, radionuclides such as U and Th, typically 
present in carbonatitic deposits such as PC, were found mostly in the insoluble fraction 
(7 and 36 mg/kg, respectively), while the leachable concentrations, as a sum of F1, F2 
and F3 of the SE, were always below 0.01 and 0.005 mg/L, respectively. 
Keywords: Mine Waste Characterization, Alkaline Rock Drainage, Tailing 
Revalorization, Rare Earth Elements, Circular Economy

Introduction 
In the Ba-Phalaborwa Municipality of the 
Limpopo province, South Africa, there is 
an industrial complex where several mines 
and factories work synergically to extract 
value out of the geological formation named 
Phalaborwa (or Palabora) Igneous Complex 
(PIC). The industrial activity in this area 

started in the 1950s with the extraction of 
phosphate rocks and Cu, and it has been 
increasing ever since. After seven decades 
of production, more than 4500 Mt of waste 
has been accumulating in the PIC area in 
the form of tailings and waste rock dumps. 
The environmental impact of the industrial 
activity in PIC has been widely reported 
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by the scientific community as well as by 
pertinent governmental bodies, and the 
officials of the nearby Kruger National Park.

There is only one main reason for any 
industry to pollute the environment: it is 
profitable. With that thought in mind, there 
are two options to help the industries avoid 
pollution: i) Fine the companies that pollute, 
so that polluting is not profitable anymore. 
This option has been widely adopted by 
governments. ii) Change the industrial 
chain from linear to circular. The recycling 
of industrial waste can increase the benefits 
of the companies, while decreasing their 
environmental impact. This second option is 
evaluated and described in this paper for the 
industrial complex of Phalaborwa.

The recycling of industrial wastes is a 
common practice in certain sectors. That is 
the case of steel slag, which is an alkaline by-
product of the steel industries that use the basic 
oxygen furnace technology (Oster, 1982). 
Such by-product has been used extensively 
in construction as road aggregates, Portland 
cement, roofing granules, etc. Recent studies 
showcase the use of this steel by-product in 
leach beds to neutralize acid mine drainage 
(AMD) (Kruse et al., 2019; Simmons et al., 
2002). Other alkaline industrial wastes used 
for AMD neutralization include paper mill 
sludge, sewage sludge (Moodley et al., 2018) 
and more recently overburden phosphatic 
carbonated wastes (Ouakibi et al., 2014).

Carbonatite and phoscorite rocks 
compose the core of PIC. Both are present 
in the mining wastes making them potential 
alkaline materials for AMD neutralization. 
However, before using any industrial waste 
to neutralize acid water, it is necessary to 
perform a detailed analysis of the waste and 
the water-waste interaction, to ensure that 
no pollutants are released during the water 
treatment process. An example is the case 
of red mud, an alkaline by-product of the 
alumina industry, that can only be used below 
10% because it increases the concentration 
of metals and salts when used at higher 
percentages (Paradis et al., 2006).

On the other hand, the scarcity of economic 
REE deposits promoted the investigation of 
new REE sources worldwide. Industrial wastes 

such as phosphogypsum stacks (fertilizer 
industry), red mud (aluminium industry), 
coal ash (thermal power plants), wastewater 
streams and mining wastes (slags, tailings 
and rock dumps) have been described as 
attractive secondary REE-resources (Humsa 
and Srivastava, 2015; Jowitt et al., 2018; Zhang 
et al., 2014)a novel hydrometallurgy process 
was employed for separating and recovering 
RE and Nb from Bayan Obo tailings. Firstly, 
by sulfating roasting at 250 °C and subsequent 
leaching at 60°C, the RE and Nb present in 
the polymetallic minerals can be efficiently 
extracted into the leach solution. Secondly, 
after the reduction of Ti 4+ and Fe 3+ ions 
(to Ti 3+ and Fe 2+ ions. Coincidently, most 
carbonatites and phosphate rock deposits 
are REE bearing deposits. Indeed, previous 
petrogenetic studies examined the rare earth 
minerals of PIC as indicators. PIC has not 
been mined for REE up to now, but according 
to the USGS (United States Geological 
Survey) PIC has reserves of 652 Mt of at 
0.15% REE cut-off (Orris and Grauch, 2002), 
which might be present in PIC’s tailings.

Currently, there is no REE mining in 
South Africa. PIC could host the first South 
African REE mine if the potential of its 
wastes as a secondary resource of REE is 
proven. However, “data and tools are needed 
to establish the recycling and reuse potential 
of these [mining waste] materials; geochemists 
and mineralogists have a significant role to 
play in this endeavour” (Bellenfant et al., 
2013). Here, this study attempts to investigate 
in detail the waste produced at PIC by using 
combining conventional, novel and modified 
geochemical techniques in order to determine 
the economic potential of these wastes and 
their environmental impact.

Methods 
Sampling
Tailing samples were collected from 16 
different sectors, including six sections of 
recently piled tailings and 10 sections of 
different ages. A composite of approximately 5 
kg and up to 2 m depth, were taken from each 
section. Each sample was homogeneously 
mixed and split for further chemical and 
mineralogical analysis.
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Mineral characterization
The mineralogy and textures of tailings were 
investigated on polished sections by both pe-
trographic microscope and SEM-EDS JEOL 
JMS-5410 equipped with a Link Oxford 
microanalyzer. Compositional mapping of 
SEM was undertaken by silicon drift detec-
tor (SDD), followed by semiquantitative 
mineralogical analyses by ImageJ software 
(https://imagej.nih.gov/ij). In addition, semi-
quantitative mineralogical analyses were 
investigated by X-ray diffraction (XRD) using 
a Broker D8 Advance Powder Diffractometer 
with Cu–Kα radiation.

Geochemical characterization
Tailing samples underwent the modified 
3-steps BCR sequential extraction (Rauret 
et al., 1999)Measurements and Testing 
Programme (formerly BCR. This essay was 
used with a double purpose: i) determine 
the Potential Toxic Elements (PTE) of the 
leachates under different environmental 
conditions (F1: water soluble, F2: reducible 
conditions, F3: oxidizing conditions), and ii) 
to quantify and determine the distribution 
of REE in the tailings offering the first in-
sights for mining prospection. Additionally, 
pseudo-total digestions were performed with 
aqua regia (F4) in triplicate to all the samples.

The concentration of cations and S of 
the sequential extraction were analysed by 
inductively coupled plasma optical emission 
spectroscopy (ICP-OES) Teledyne Prodigy, P 
and F were analysed by the discrete analyzer 
Easy Chem 200, and Cl was analysed using 
the spectrophotometer HACH DR3900. 
All the analyses were performed by an 
accredited laboratory at the Institute for 
Groundwater Studies at the University of 
Free State (South Africa).

Drainage prediction
The results of the mineral and textural 
analysis were used to determine the Modified 
Net Carbon Value (NCV*) as proposed in 
Gómez-Arias et al. (2021) and the textural 
acid rock drainage index (ARDI) as described 
in Parbhakar-Fox et al. (2011mineralogical 
and textural analyses. Sample screening 
is performed at stage-one, and a general 
classification given. Stage-two involves the use 

of routine geochemical tests in order to cross-
check stage-one results, and also to quantify 
the acid forming/neutralising potential. 
Stage-three uses advanced geochemical tests 
and microanalytical tools to cross-check 
any ambiguous results from the previous 
stages, and for detailed characterisation of 
acid forming sulphide phases. Samples were 
obtained from two mine sites in Queensland, 
Australia, from which seventeen mesotextural 
groups were identified (A-Q).

NCV* = 0.44 × calcite + 0.48 × dolomite + 
0.44 × ankerite + 0.38 × siderite – 1.37 × 0.53 
pyrite – 1.37 × 0.20 arsenopyrite – 1.37 × 0.35 
chalcopyrite  

In addition, the samples were analysed 
using the Acid Base Accounting (ABA) 
procedure, described by Usher et al. (2003). 
The procedure includes: paste pH and 
conductivity, Net Acid Generation (NAG), 
neutralization potential (NP) and acid 
potential (AP). Each assay was performed in 
triplicate. The results of each ARD assessment 
has been interpreted using the Acid Base 
Accounting Cumulative Screening Tool 
(ABACUS) developed by the Institute for 
Groundwater Studies of the University of the 
Free State, South Africa (Usher et al., 2003).

The toxicity of the leachates has been 
assessed using the Australian Standard method 
AS-4439 (Standards Australia, 1997) for solid 
wastes and contaminated soils. South African 
regulation stipulates the use of AS-4439 as 
leachable concentration to assess the suitability 
of wastes for disposal in a landfill, together with 
total concentration, as described in GNR 635 
(Department of Environmental Affairs, 2013). 
The results obtained have been compared with 
the South African Leachable Concentration 
Thresholds (LCT) and total Concentration 
Thresholds (TCT) for landfill disposal of waste 
(Department of Environmental Affairs, 2013), 
which are similar to the Australian EPA 448.3 
thresholds (Bulletin, 2007). Each element 
has four LTC thresholds; LTC0 (inert), LTC1 
(non-hazardous), LTC2 (hazardous) and LTC3 
(extreme hazardous), and three TC thresholds; 
TCT0 (inert), TCT1 (hazardous) and TCT2 
(extreme hazardous). Each waste can be 
classified according to the highest threshold 
overcame by any of the elements assessed from 
Type 0 waste (unsuitable for landfill disposal) 
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up to Type 4 (inert) following the criteria of the 
National Environmental Management Waste 
Act (59/2008) of South Africa. The chemical 
composition of the leachates was analysed as 
previously described.

Results and discussion
Environmetal characterization of tailings
The tailings generated by the copper mine 
are comprised by abundant alkaline minerals 
such as calcite and dolomite, followed by 
pyroxenes (diopside), magnetite, fluorapatite, 
olivine (mostly forsterite) and micas (mostly 
phlogopite) (fig. 1). On the other hand, the 
tailings generated by the phosphate plant are 
comprised of micas, pyroxene, fluorapatite 
and calcite. Among the minor minerals, it 
is worth mentioning the presence ilmenite, 
chalcopyrite, pyrite and monazite with 
relative abundance below 0.6%. 

The abundant alkaline minerals and 
scarce Fe-sulphide minerals suggest that 
they do not have the potential to sustain the 
production acid mine drainage. Furthermore, 
all the samples fell under the classification 
of no acid forming/acid consuming for 
every assay performed (tab. 1). The highest 
neutralization potential (NP) was found in 
the Cu-tailing samples. 

Regarding the toxicity of the leachates 
that they might produce, at least one of the 
tailings samples were above LTC0 or TCT0 

for As, Ba, Co, Cu, F, Mn, Ni, Pb, Se, SO4 
and TDS, but none of them overcame LTC1 
(tab. 2). Therefore, PIC’s tailings classify as 
Type 3 waste (non-hazardous), according to 
the  National Environmental Management 
Waste Act (59/2008) of South Africa.

Sequential extractions showed that they 
would release mostly non-toxic elements 
such as  Ca, Mg, SO4, Na, P, K and Fe. 
However, relatively high concentrations of 
radionuclides, such as U and Th (average of 
6.7 and 36.3 mg/kg, respectively) are present 
in the non-labile fraction of the tailings, 
though the leachable concentrations were 
always below 0.006 mg/L.  

To summarise, the tailings produced by 
the Cu mine could be used as alkaline reagents 
for the treatment of acid mine drainage 
or industrial wastewater within a circular 
economy strategy that would tackle at the 
same time the environmental impact caused 
by the tailings ponds and by the acid water. 

Valorisation of tailings for recycling as 
secondary REE resource
The tailings are comprised mostly by mono-
mineralic particles of calcite, dolomite, 
pyroxene, fluorapatite, magnetite and phlo-
gopite. The mineralogical results show 
monazite as the main REE-mineral with an 
average of 60 wt% of ∑REE, while calcite 
and fluorapatite are the most abundant 
REE-bearing minerals, whose ∑REE range 
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phosphate	plant	 are	 comprised	of	micas,	 pyroxene,	 fluorapatite	 and	 calcite.	 Among	 the	minor	
minerals,	 it	 is	worth	mentioning	the	presence	 ilmenite,	chalcopyrite,	pyrite	and	monazite	with	
relative	abundance	below	0.6%.		

	
Figure	1.	Mineralogical	composition	of	the	tailings	generated	by	the	copper	plant	(Cu	tailing	North,	

East	and	West)	and	the	phosphate	plant	(Selati	and	Southern	tailings)	

The	abundant	alkaline	minerals	and	scarce	Fe-sulphide	minerals	suggest	that	they	do	not	have	the	
potential	to	sustain	the	production	acid	mine	drainage.	Furthermore,	all	the	samples	fell	under	
the	 classification	 of	 no	 acid	 forming/acid	 consuming	 for	 every	 assay	 performed	 (tab.	 1).	 The	
highest	neutralization	potential	(NP)	was	found	in	the	Cu-tailing	samples.		
Table	1.	Acid	Base	Account	(ABA)	of	copper	and	phosphate	tailings	according	to	their	paste	pH,	net	
acid	generation	(NAG,	H2SO4/t),	acid	potential	(AP	in	Kg	CaCO3/t),	neutralization	potential	(NP,	Kg	
CaCO3/t)	and	net	neutralization	potential	(NNP,	Kg	CaCO3/t);	and	mineralogical	characterization	
such	as	acid	rock	drainage	index	(ARDI)	and	the	modified	neutralization	capacity	value	(NCV*)	

Average	±	standard	deviation	

Regarding	the	toxicity	of	the	leachates	that	they	might	produce,	at	least	one	of	the	tailings	samples	
were	above	LTC0	or	TCT0	 for	As,	Ba,	Co,	Cu,	F,	Mn,	Ni,	Pb,	Se,	SO4	 and	TDS,	but	none	of	 them	
overcame	 LTC1	 (tab.	 2).	 Therefore,	 PIC’s	 tailings	 classify	 as	 Type	 3	 waste	 (non-hazardous),	
according	to	the	National	Environmental	Management	Waste	Act	(59/2008)	of	South	Africa.	
Table	2.	Average	of	leachable	concentration	and	total	concentration	of	the	analytes	regulated	in	
South	Africa	(Department	of	Environmental	Affairs,	2013).	Shaded	in	light	grey	are	the	analytes	
whose	concentrations	are	below	threshold	0,	in	dark	grey	are	the	analytes	whose	concentrations	

are	between	threshold	0	and	1.	No	analyte	overcame	threshold	1.	

Analyte	(mg/L)	 LC	Cu-Tailings	
(mg/L)	

TC	Cu-Tailings	
(mg/kg)	

LC	P-Tailings	
(mg/L)	

TC	P-Tailings	
(mg/kg)	

As	 0.047±0.008	 8.03±1.24	 0.007±0.003	 8.53±0.97	
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Mineralogy	of	tailings
minor	minerals
monazite
ilmenite
microcline
quartz
fayalite
zircon
magnetite
forsterite
phlogopite
dolomite
calcite
diopside
fluorapatite

ABA	analysis	 Cu	tailing	S	 Cu	tailing	N	 Cu	tailing	W	 Cu	tailing	E	 P	tailing	N	 P	tailing	S	
Initial	pH	 8.4±0.02	 8.6±0.05	 8.5±0.04	 8.6±0.08	 9.1±0.13	 9.1±0.02	
Final	NAG	pH	 7.4±0.22	 8.6±1.50	 8.8±0.06	 8.7±1.76	 6.5±0.12	 5.8±0.27	
NAG	 0±0	 0±0	 0±0	 0±0	 0±0	 0±0	
AP	(Open)	 2.3±0.16	 2.1±0.54	 2.2±0.87	 2.±0.43	 0.3±0.11	 0.3±0.09	
AP	(Closed)	 4.6±0.32	 4.2±1.08	 4.5±1.63	 4.2±0.86	 0.6±0.22	 0.6±0.18	
NP	 335.7±11.6	 389.9±3.0	 662.9±11.9	 289.0±1.9	 54.6±2.1	 59.2±0.6	
NNP	(Open)	 333.4±11.5	 387.8±2.7	 660.7±11.5	 286.9±1.7	 54.3±2.0	 58.9±0.6	
NNP	(Closed)	 331.0±11.3	 385.7±1.9	 658.4±10.2	 284.8±1.0	 54.0±1.9	 58.5±0.4	
ARDI	 5.1±1.4	 3.7±0.6	 5.2±2.4	 6.6±2.0	 5.6±0.9	 6.1±01.7	
NCV*	 25.0±3.5	 27.6±4.1	 21.6±2.8	 18.2±3.1	 3.9±1.1	 1.7±0.9	

Figure 1 Mineralogical composition of the tailings generated by the copper plant (Cu tailing North, East  
and West) and the phosphate plant (Selati and Southern tailings)
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ABA analysis Cu tailing S Cu tailing N Cu tailing W Cu tailing E P tailing N P tailing S

Initial pH 8.4±0.02 8.6±0.05 8.5±0.04 8.6±0.08 9.1±0.13 9.1±0.02

Final NAG pH 7.4±0.22 8.6±1.50 8.8±0.06 8.7±1.76 6.5±0.12 5.8±0.27

NAG 0±0 0±0 0±0 0±0 0±0 0±0

AP (Open) 2.3±0.16 2.1±0.54 2.2±0.87 2.±0.43 0.3±0.11 0.3±0.09

AP (Closed) 4.6±0.32 4.2±1.08 4.5±1.63 4.2±0.86 0.6±0.22 0.6±0.18

NP 335.7±11.6 389.9±3.0 662.9±11.9 289.0±1.9 54.6±2.1 59.2±0.6

NNP (Open) 333.4±11.5 387.8±2.7 660.7±11.5 286.9±1.7 54.3±2.0 58.9±0.6

NNP (Closed) 331.0±11.3 385.7±1.9 658.4±10.2 284.8±1.0 54.0±1.9 58.5±0.4

ARDI 5.1±1.4 3.7±0.6 5.2±2.4 6.6±2.0 5.6±0.9 6.1±01.7

NCV* 25.0±3.5 27.6±4.1 21.6±2.8 18.2±3.1 3.9±1.1 1.7±0.9

Average ± standard deviation

Table 1 Acid Base Account (ABA) of copper and phosphate tailings according to their paste pH, net acid 
generation (NAG, H2SO4 /t), acid potential (AP in Kg CaCO3 /t), neutralization potential (NP, Kg CaCO3 /t) 
and net neutralization potential (NNP, Kg CaCO3 /t); and mineralogical characterization such as acid rock 
drainage index (ARDI) and the modified neutralization capacity value (NCV*)

Table 2 Average of leachable concentration and total concentration of the analytes regulated in South Africa 
(Department of Environmental Affairs, 2013). Shaded in light grey are the analytes whose concentrations 
are below threshold 0, in dark grey are the analytes whose concentrations are between threshold 0 and 1.  
No analyte overcame threshold 1.

Analyte (mg/L) LC Cu-Tailings (mg/L) TC Cu-Tailings (mg/kg) LC P-Tailings (mg/L) TC P-Tailings (mg/kg)

As 0.047±0.008 8.03±1.24 0.007±0.003 8.53±0.97

B <0.01±0 0.025±0.01 <0.01 ± 0 0.014±0.01

Ba 6.47±0.54 472.9±18.2 2.28±0.36 219.4±11.9

Cd 0.001±0.001 0.294±0.037 0.001±0.001 0.302±0.025

Cl 43.8±5.1 n.r. 49.4±8.6 n.r.

Co 0.051±0.022 0.063±0.035 0.051±0.013 0.025±0.038

Cr 0.01±0.004 31.47±3.88 0.051±0.008 81.56±2.49

Cu 5.25±0.78 1031.6±58.8 1.71±0.37 128.6±53.8

F- 0.44±0.15 8.80±4.14 5.96±2.36 119.2±7.5

Hg <0.001±0 <0.01±0 0.001±0.001 0.163±0.037

Mn 7.64±0.71 0.913±0.38 1.20±0.59 0.234±0.36

Mo 0.0004±0.0003 1.767±0.27 0.0003±0.0003 0.578±0.038

Ni 0.074±0.026 135.8±9.5 0.095±0.012 76.33±6.1

Pb <0.01±0 24.97±5.51 0.101±0.076 11.3±2.2

Sb 0.0002±0.0001 0.04±0.01 0.0000±0 0.02±0.003

Se 0.101±0.026 11.27±3.48 0.003±0.001 12.34±5.71

SO4 198.2±15.2 n.r. <40±0 n.r.

TDS 2619.1±785.3 n.r. 448.9±137.6 n.r.

V 0.0005±0.0004 0.127±0.009 0.011±0.002 0.023±0.011

Zn <0.01±0 6.169±2.752 <0.01 ± 0 5.742±0.758

n.r. not regulated analytes
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between 0.5 and 1 wt%. According to the 
geochemical results, the extraction of REE 
from monazite, fluorapatite, calcite and 
dolomite, from tailings produced by the Cu 
mine, might produce up to 5.65 kg of REE 
per ton. Although calcite has relatively low 
concentration of REE, due to its abundance, 
it would be the main source of REE, followed 
by monazite and fluorapatite (3.2, 2.0 and 1.1 
kg of REE per ton of tailings, respectively). 
The most profitable REE are Nd, Dy, Pr 
and Tb which represent 87% of net value. 
Therefore, PIC wastes and particularly the Cu 
tailings, have the potential to be reclassified 
as secondary resources of REE. An approach 
to circular economy by re-processing mining 
waste would extend the lifetime of PIC mines 
and their benefits, while reducing the waste 
of resources and their environmental impact.
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Abstract
There are a number of critical decision moments that occur at a mine site that can 
dictate the ongoing Acid and Metalliferous Drainage (AMD) risk. In particular, the 
study phase of the mine development is the most important period to make decisions. It 
can be difficult and costly to reverse decisions or change AMD management strategies 
once the mine site has been developed, or AMD issues arise. This paper will present two 
case studies of critical decisions made that demonstrate the approach taken to set up the 
mine site for success in the management of AMD.

The first is a proposed copper ore mine that was in the study phase. Geochemical 
test work identified that most tailings would be classified as Potentially Acid Forming 
(PAF). The metallurgical processing scheme was subsequently developed to desulfurize 
the tailings and limit the high sulfur PAF tailings to 6% of the Tailings Storage Facil-
ity (TSF). The TSF design segregated the PAF material and limited oxidation through 
the use of a water cover. Thereby, since the majority of the tailings were now low sulfur 
tailings, the complexity, footprint, cost of capping at closure and the long-term manage-
ment of the tailings were decreased. Consideration of the closure strategy early in the 
study led to a TSF design and closure cover system design optimised to reduce closure 
risk through the use of a dry cover that could maintain saturation of the high sulfur 
tailings. The critical decision to change the processing scheme and desulfurize the tail-
ings was informed by early orebody definition and knowledge of the tailings properties 
gained ahead of mine commencement.

The second case study is a proposed iron ore mine that was in the study phase and 
demonstrates the use of a multiple option analysis to make knowledgeable decisions on 
the management of PAF waste rock and thereby limit the risk of AMD. The multiple 
option analysis was used to assess major hazards, planning, operational reliability and 
costs. Fatal flaws were identified, and feasible final landform options were developed for 
review by a multi-disciplinary team. Scores were weighted and the optimum strategy 
was identified. The multi option analysis enabled an informed decision to be made be-
fore mining of the PAF waste material occurred. It was a critical decision on how PAF 
waste material would be managed in the future at this mine site.
Keywords: Tailings, Fatal flaws, Decision analysis
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Introduction 
Acid and Metalliferous Drainage (AMD) is a 
long lasting, negative legacy at multiple mine 
sites. Many of these sites were developed 
before there was a good understanding of the 
risks to water quality from reactive mineral 
waste. A modern mine should be designed 
to prevent or significantly reduce both 
operational and long term risks from AMD 
(INAP 2022). 

Water scarcity exists in some mining 
regions and there is considerable competition 
between mining and agriculture for water in 
a number of regions of the world. Conversely, 
mine sites in other regions may need to 
manage an excess of water. Hence avoiding 
negatively impacts on water quality (and 
quantity) is paramount.

Two case studies are presented that 
demonstrate how critical design decisions 
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can set up the mine for success in the 
management or prevention of AMD. A case 
study is presented for tailings and another 
for waste rock, which are the two major 
mineral waste products that may generate 
AMD at mine sites. The case studies are 
specific to each particular location and 
deposit so the solutions may not necessarily 
be universally applied at other mine sites. 
However, some key messages are common 
to each case study:
• Early geochemical characterisation of 

waste materials to identify and quantify 
PAF materials will enable appropriate 
design decisions to be made

• Engaging multiple stakeholders is 
essential as there are often broader 
business considerations required for the 
solutions to be implemented successfully

• Re-evaluation of identified solutions is 
required as projects evolve and orebody 
knowledge increases

Case Study: Tailings Storage Facility 
(TSF)
Base Case
The project is a copper-gold deposit located 
in an arid region of Australia. Geochemical 
characterisation was undertaken throughout 
the study, informing the multiple changes 
to the processing scheme as the study 
progressed. It was found that all tailings 
would be Potentially Acid Forming (PAF).

Design Changes
To lower the AMD risk the following design 
modifications were made:
• Changes to the metallurgical processing 

scheme (desulfurization) were made to 
ensure the majority of the TSF contains 
Non Acid Forming (NAF) or low-
capacity PAF tailings (AMIRA 2002). 
The processing scheme was developed 
to reduce the amount of sulfur within 
the low sulfur tailings and increase the 
amount of sulfur in the small amount of 
high sulfur tailings.

• A TSF design was made that allows 
segregation of PAF material within the 
TSF during operations.

• Storage of PAF tailings under a water 
cover were done during operations to 

limit any oxidation (figs. 1 and 2).
• Final cover design work was completed 

early in the study to ensure the high-
sulfur tailings can maintain saturation at 
closure, with the installation of a suitable 
dry cover to encapsulate the deposited 
tailings and sustain vegetation over the 
long term (fig. 3).

The objective of the cover over the high 
sulfur tailings is to limit or prevent 
evapotranspiration and maintain saturation 
of the tailings, and thereby limit any 
oxidation. It should also be thick enough to 
limit capillary rise of salts that could impact 
vegetation establishment. Various cover 
design configurations were modelled to 
ensure the cover could function appropriately 
with the material types available and the given 
climate. Preliminary work has found that 
the cover thickness should be a minimum 
of 4 m and will need to consist of a coarser-
textured (i.e. higher sand content) low sulfur 
tailings system with 0.5 m of metasediment 
near the surface for erosion control. This will 
likely decouple the saturated tailings from the 
evapotranspiration zone and maintain a high 
degree of saturation (>85%) in the high sulfur 
tailings. Both the low sulfur and high sulfur 
tailings cells will be lined.

Sulfur deportment to tailings was added 
in the mine plan and the result is a prediction 
of 6% high-sulfur tailings (with total sulfur 
concentrations > 25%) and 94% low-
sulfur tailings (with an average total sulfur 
concentration of 0.2%). Low-sulfur tailings 
can still have some PAF material, but overall 
sulfur concentrations are low and there is 
a low capacity for acid generation in the 
long term, hence it is suitable for sub-aerial 
management.

Conclusions
Undertaking geochemical test work early 
(before mining) enabled the development of 
a metallurgical process scheme that aims to 
limit the high-risk PAF material to 6% of the 
tailings material. 

If the geochemical test work had not been 
completed early in the study, then the majority 
of the tailings would have been considered 
PAF and been spread over the entire footprint 
of the TSF. This would have increased both 
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the complexity and cost of capping at closure 
and the long-term management of material 
that had oxidised. 

Consideration of the closure strategy 
early in the study led to TSF and closure cover 

system designs that were optimised to reduce 
closure risk. The TSF design not only allows 
segregation of PAF material within the TSF 
during operations but also limits oxidation by 
maintaining a water cover. 

Figure 1 Image of the high sulfur tailings cell.

Figure 2 Image of the TSF during mine operations.



IMWA 2022 – "Reconnect" 

130 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Figure 3 Image of the TSF at closure.

Case Study: Waste Rock Dump
Base Case
The project area is tropical, with a wet season 
(and 90% of rainfall) lasting from March to 
October, and a relatively high and uniform 
temperature with high humidity. Mean 
annual rainfall is 1,845 mm.

Whilst pH is naturally low in surrounding 
springs and groundwater, there is also a 
very low solute concentration i.e 8 µS/cm in 
springs and 130µS/cm in wells.

PAF material is determine by the 
sulfur concentrations, as there is a lack of 
neutralising capacity in the waste rock. In any 
given year the amount of PAF is expected to 
be less than 2.5% of the total waste, totalling 
4.3 Mt.

The 2015 Pre-Feasibility Study (PFS) 
for this iron ore deposit segregated all PAF 
material in a separate waste dump. This 
material was to be placed onto a liner with 
seepage and runoff collected and treated 
through a treatment plant. This concept 
design was challenged as part of an update to 

the PFS during 2022 to determine if there was 
a more appropriate method to manage AMD 
in the short and long term.

Multiple Option Analysis
The process to evaluate design alternatives 
involved a series of workshops attended by multi-
disciplinary stakeholders such as hydrogeology/
hydrology, environment, geochemistry, mine 
planning, geology, project management, 
geotechnical engineering and operational 
readiness. Significant pre-work was undertaken 
prior to the workshop to develop predictions for 
contaminant loads and required treatment, as 
well as estimated operating and capital treatment 
costs. Closure considerations and capping 
requirements also fed into the assessment.

Assessment criteria were assigned a 
weighting based on discussions during the 
workshop on the importance to the project. 
Each assessment criterion was then scored 
by comparing the option to the base case. 
An example of the option analysis template 
that was used is illustrated within Table 1. A 
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sensitivity analysis was also undertaken by 
adjusting weighting between groupings and 
determining the influence on the selection 
of a preferred strategy. Whilst alternate 
option selections varied, the preferred 
option was invariable and it was concluded 
that the selection process was robust in the 
identification of the preferred option.

Alternate Design
The preferred option that was selected 
minimises the footprint of the PAF material 
and therefore the volume of contact water 
that would be acidic. The PAF waste will be 
segregated and placed within a single cell, 
that is isolated within the central area of 
the waste rock dump (fig. 4). The cell will 

be away from the outer shell (not within the 
batter zone and removed far enough to limit 
oxygen supply) and would accommodate 
all PAF waste for the life of the facility. To 
achieve this, the PAF will be segregated at 
the mine face and placed selectively in the 
single cell in thin layers and compacted. On 
completion of the cell, a low permeability 
cover will be emplaced and an internal 
water shedding cover (with capillary break 
underdrain layers) will be constructed to 
minimise contact water. On completion, the 
PAF cell will be covered with 5 m of NAF 
material. Work is currently underway to 
provide design criteria for the mine plan and 
detailed waste rock dump design. Predictive 
modelling is also planned to determine if a 
treatment plant can be avoided altogether.

Figure 4 Schematic illustrating placement of PAF material in thin layers in a single cell of fixed dimensions 
(Option C-1) and variable dimensions (Option C-2) to meet the PAF production schedule.
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Table 1 Three of the options that were assessed during the multiple option analysis workshop.

Conclusions
The waste rock dump design for PAF material 
that was developed during the 2015 PFS was 
challenged to determine better alternatives. 
The option analysis workshops enabled a PAF 
storage option to be carried forward in the 
study that:
• Is more protective of the environment
• Considers mine closure and long term 

AMD risk
• Offers cost savings from the operating 

and capital perspective.

The multi criteria analysis workshops enabled 
a collaborative approach that considered 
broader study and site perspectives and 
enabled ‘buy-in’ by stakeholders.
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Abstract
Modelling environmental impacts of mining generally requires a set of interconnected 
models, which all use climatic input data. Inclusion of climate change analysis to each 
model may seem self-evident but, in practice, selection of suitable climate modelling 
scenarios requires holistic understanding of the modelling chain. An analogous 
approach to climate change is needed through the whole modelling chain, therefore, the 
process of choosing modelling scenarios should include analysing previous models in 
the model chain and assessing requirements of subsequent models. This paper presents 
experiences in inclusion of climate change in modelling sequences in Nordic mining 
environment.
Keywords: Climate Change, Modelling, Modelling of Environmental Impacts

Introduction 
Due to climate change, in the Nordic 
countries, temperatures will rise, precipitation 
will increase, snow cover season will become 
shorter, and the amount of soil frost will 
decrease. This paper focuses on the Nordic 
countries of Finland and Sweden. During 
the next few decades, projected changes 
for Finland (Ruosteenoja et al. 2016) and 
Sweden (SMHI 2022) are fairly similar 
under all greenhouse gas (GHG) emission 
scenarios. Conversely, in the second half of 
this century, the evolution of climate is highly 
dependent on GHG emissions. Current 
round of climate modelling, called Coupled 
Model Intercomparison Project version 6, 
or CMIP6, embeds Shared Socioeconomic 
Pathways (SSPs) (O’Neill et al. 2014), which 
provide a set of emission scenarios driven 
by socioeconomic assumptions concerning 
population, economic growth, education, 
urbanisation and the rate of technological 
development. CMIP6 is used in preparation 
for the Intergovernmental Panel on Climate 
Change (IPCC)’s sixth assessment report. The 
SSPs are based on five narratives describing 

alternative socio-economic developments, 
being SSP1 Sustainability – Taking the 
Green Road; SSP2 Middle of the Road; SSP3 
Regional Rivalry – A Rocky Road; SSP4 
Inequality – A Road Divided; SSP5 Fossil-
fueled Development – Taking the Highway 
(Riahi et al. 2017).

In Finland, based on global numerical 
climate models i.e., General Circulation 
Models (GCMs), under the high-emission 
SSP5-8.5 ensemble for the period 2040–2059, 
mean annual temperature is projected to 
increase from the current average (1991-
2020) of 2.9 °C (Jokinen et al. 2021) with 
approximately +3 °C to 4.1-6.5 °C (fig. 1). 
Annual precipitation is projected to increase 
from the current average (1991-2020) of 609 
mm (Jokinen et al. 2021) with approximately 
24% to 635 – 851 mm (fig. 2). At the end of 
the century, under the high-emission SSP5-
8.5 ensemble, the mean annual temperature 
is projected to be even 9.0 °C indicating 
approximately +6 °C increase to current 
average (fig. 1). Annual precipitation is 
projected to increase with 43% from current 
average to 868 mm (fig. 2).
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In Sweden, under the high-emission SSP5-
8.5 ensemble for the period 2040–2059, 
mean annual temperature is projected to 
increase from the current average (1991-
2020) of 5.1 °C (SMHI 2022) to even 6.4 °C 
(fig. 1). The lesser increase in comparison to 
Finland is due to already increased average 
temperature during past decades and the fact 
that the presented projection data is based 
on GCMs. Annual precipitation is projected 
to increase from the current 681 mm (SMHI 
2022) with approximately 25% to 726 – 973 
mm (fig. 2). At the end of the century, under 
the high-emission SSP5-8.5 ensemble, the 
mean annual temperature is projected to be 
even 8.5 °C indicating approximately +3 °C 
increase to current average (fig. 1). Annual 
precipitation is projected to increase with 
40% from current average to 954 mm (fig. 2).

The shift from cold to warmer climate is 
expected to influence the annual water budget 

both in Finland and Sweden. Temperature 
doesn’t control only evapotranspiration, but 
also conditions like snow storage and ground 
frost, which have a major impact on infiltration 
and percolation (Barthel et al. 2021). Thus, 
also groundwater recharge and groundwater 
storage patterns will be impacted (Barthel et 
al. 2021, Nygren et al. 2020).

Modelling environmental impacts of 
mining generally requires a set of inter-
connected models, which all use climatic 
input data. This model set, where one model 
often provides input data for the next model, 
may include hydrological, hydrogeological 
and geochemical models, pit lake models, site 
water balance models and different pollution 
dispersion models. All environmental models 
deal with representations of processes that 
occur in the real world in space and time. 
Inclusion of climate change scenario for 
each model is often set as a prerequisite 

Figure 1 Projected Mean Temperature for Finland and Sweden with Varying SSPs. Data Sourced from The 
World Bank Group (2021).

Figure 2 Projected Precipitation for Finland and Sweden with Varying SSPs. Data Sourced from The World 
Bank Group (2021).
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by the authorities. In this paper, we don’t 
argue the importance of analysing and 
describing the modelled system behaviour 
for the future climate. Quite the contrary, 
preparing for varying climate is important 
part of mine preparedness planning and even 
a legal prerequisite as the relevant European 
framework directives require continuous 
monitoring of unforeseen environmental 
impacts (European Commission 2001, 2014). 
Our recommendation is, that before adding 
a climate change scenario to each model 
in a complex modelling chain, modelling 
objectives and model qualifications should 
be carefully assessed to avoid unproductive 
use of resources and to have a consistent and 
defendable approach to climate change in the 
whole modelling chain. 

Chain of Models in Modelling Mining 
Area Environmental Impacts
Interconnected Models
On the set of interconnected models (fig. 3, 
fig. 4), individual models represent different 
timeframes and technical approaches. A 
model for mine operational period often 
spans over next 10-30 years whereas post-
closure models may cover hundreds of 
years. Individual models can be steady-state 
models, predicting a time-independent year 
or a season, or they can be transient. Site 
water balance models use often probabilistic 
approach with extensive future climate 
analysis, as they’re tools assisting in the critical 
mining industry task of water management 
planning. Other environmental models are 
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usually deterministic. Despite the modelling 
time frame, modelling software or technical 
approach, all the models use climatic data as 
input data.

In our recent modelling sequences, 
selection of approaches for climate change 
inclusion to various models has required 
a lot of evaluation. Whether an inclusion 
of a particular climate change scenario to a 
mining environmental assessment model is 
applicable or not, can be outlined with four 
questions: what are the used hydrological 
model inputs and how well those can be 
predicted in climate change scenarios; does 
the modelling interval or the modelling point 
in time allow for climate change scenario 
modelling; which model will use the model 
outcome as an input and how; will exceptional 
climate scenario analysis, like exceptional 
year scenario or exceptional inter-annual 
climatic event scenario or other exceptional 
weather scenario, be included and does this 
provide enough information for adaptation 
to climate change?

The reason for not using a climate change 
scenario may derive from unavailability 
of regional level climate projection data, 
uncertainty in critical model parameters that 
are impacted by climate change, subsequent 
model data and scenario requirements, or 
planned inclusion of exceptional climate 
scenario analyses that will cover the climate 
change impacts. 

Hydrological Inputs to Each Model
Nearly all environmental models, that are used 
in modelling of mining area environmental 
impacts, use temperature, precipitation 
and evaporation as inputs – directly or 
indirectly. Some models, like pit lake 
models, require use of wider range of climate 
variables that affect the hydrodynamics of 
the pit lake. Such parameters include, in 
addition to precipitation, evaporation and 
air temperature: dewpoint; solar radiation; 
cloud cover; and wind speed and direction 
(Vandenberg et al. 2011). For successful 
climate change scenario inclusion to any 
model, all required parameters should be 
available, based on Regional Climate Models 
(RCMs), and data sets should span until the 
modelling point in time.

Hydrogeological groundwater models do 
use direct meteorological inputs, but more 
important is the definition of groundwater 
recharge parameters. Direct measurement of 
groundwater recharge is impossible.

The natural groundwater recharge process 
is governed by a multitude of factors such as 
topography, land use and land cover, geology, 
depth to groundwater and climate. Regarding 
the latter, it is not only average values of 
climatic variables but also the temporal 
variability of these which is of utmost 
importance. Different climates and geological 
conditions result in huge differences in 
groundwater recharge. (Barthel et al. 2021)

Groundwater recharge is a good example 
of a parameter that is, even when estimated 
for the existing climate, very uncertain. For 
any future climate scenario, the current 
estimate may not be valid at all. Prediction 
attempts of groundwater recharge will 
require considerable human and computing 
resources and, possibly, even broader scientific 
understanding of recharge parameters under 
current state.

Modelling Interval and Modelling Point 
in Time
Modelling intervals vary between models and 
can be hourly, daily, weekly, monthly, seasonal, 
or annual. Modelling intervals, like in case 
of operational stage site water and loading 
balance models, can also change during the 
mining project development. On Preliminary 
Economic Assessment (PEA) stages the site 
water and loading balance models are often 
annual and are developed to daily models 
during the mine development stage.

Most operational stage models usually 
span until 2050. As during the next few 
decades projected changes for Finland 
and Sweden are fairly similar under all 
greenhouse gas (GHG) emission scenarios, 
operational stage models can easily settle with 
one predicted scenario for future climate, for 
example SSP2 (Middle of the Road). Post-
closure models and their printouts are often 
annual, which is practical considering the 
expected long timespan. Recommendation 
concerning post-closure stage models is 
to analyse and include the future climate 
predictions at the end of the century where 
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the current climate change predictions span. 
On the second half of this century, the evo-
lution of climate in Finland and Sweden is 
highly dependent on GHG emissions. Thus, 
post-closure stage models should include at 
least two predicted scenarios for the future 
climate, for example SSP2 (Middle of the 
Road) and SSP5 (Fossil-fueled Development 
– Taking the Highway), latter of which could 
be managed as a sensitivity case.

Consideration of Subsequent Models
Even the modellers and modelling teams are 
highly specialized on their own competence 
field and have skills in their special software, 
more effort, in general, should be put to 
define the modelling objectives in co-
operation with the team responsible of the 
next model in the chain. Visualising the 
set of interconnected models (fig.3, fig.4) 
is a good tool for identifying all necessary 
and compulsory dialogue-parties. The 
dialogue between the modelling teams 
of subsequent models must be concrete 
and detailed. Desired output/input flows 
between models should be defined in 
terms of each parameter, unit, time-step 
and data format. Additionally, discussion 
about modelling scenarios of each model 
is required, especially concerning climate 
change approaches. Questions to assist the 
dialogue could be:
• Does the subsequent model use same or 

different climatic input data? If different, 
where does the difference derive from? 
Do both models aim to model the same 
point in future time and is future climate, 
including future climate predictions, de-
scribed and understood the same way?

• Which climatic scenarios will be included 
in the subsequent model? Which scenario 
results would be the recommended ones 
to be used on each of them? Should cer-
tain climatic scenarios be added to assist 
the subsequent model to meet the overall 
modelling objectives?

It is not a prerequisite that exactly same future 
climate variables are used for each and every 
model. However, using varying future climate 
variables should be a conscious decision and 
based on a dialogue.

Inclusion of Exceptional Climate Scenario 
Analysis
Some models, like operational stage site 
water balance models, often include extreme 
weather event analyses and exceptional 
year scenario analyses. Average or median 
assessment scenario results can, thus, be 
supplemented with presentations of 10- 90th 
or 5-95th percentile confidence limits or 
other relevant exceptional scenario analyses. 
Additionally, other models are often run 
with sensitivity cases predicting change 
of direction and amount of change in 
results on exceptional climate conditions. 
As the historically varying climate and its 
exceptional conditions often cover expected 
climate change over mine operational 
stage, separate modelling of climate change 
scenario, in comparison to utilizing system 
behaviour based on historical recurrences, 
can be unproductive. In these cases, climate 
change analyses could be only verbal analysis 
of indicative direction of change.

Conclusions
Our proposed three-step path to prepare 
for project-wide systematic climate change 
analyses, in modelling mining environmental 
impacts are:
1. Develop and describe long-term climate 

characteristics for the mine area as 
part of project early-stage hydrological 
studies. Include future climate predic-
tions. Our recommendation is to include 
pathway analyses from two SSPs. Practical 
approach could be to include SSP2 (Middle 
of the Road) and SSP5 (Fossil-fueled 
Development – Taking the Highway) 
pathways. Analyse the local future climate 
as far as the global numerical climate 
models span. Identify, even preliminarily, 
the duration of expected mine operational 
period. Describe the expected future 
climate, based on one chosen SSP, at the end 
of expected operational life of mine (LOM). 
Additionally, for post-closure assessment 
purposes, describe the expected future 
climate based on two chosen SSPs at the end 
of the analysed timeline. During project 
deve lopment, keep the description and 
database of predicted long-term climate 
characteristics updated.
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2. Conceptualize the modelling pathway. 
Visualize the set of interconnected 
models (fig.3, fig.4) and put them on a 
timescale. Visual presentation or roadmap 
of interconnected modelling tasks 
assists the modellers in understanding 
all the interfaces that their model has 
on the modelling chain. It also assists 
project schedule development and com-
munications. Review and update the 
conceptualization along with the project.

3. After steps 1 and 2 start the actual 
modelling – separately for each model. 
Define modelling objectives for the 
individual model. Review availability 
of climate change related hydrological 
inputs and plan for climate change 
scenario inclusion/exclusion. Consider 
model interfaces with other models and 
have the climate scenario dialogue with 
the party responsible of the subsequent 
models. Establish key output metrics. 
Select modelling software and understand 
its potential and limitation in managing 
and handling climate change related 
input parameters. Start actual modelling 
process from model-specific conceptual 
model development.
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Abstract
Elevated total nitrogen (NT) and sulfate (SO4

2-) concentrations in shallow groundwater 
on platinum mine sites are a ubiquitous phenomenon. This is considered from mostly 
a regulatory perspective to be a serious water contamination problem and mining 
companies are forced to implement expensive mitigation and post-closure remediation 
measures. This work shows that natural biogeochemical processes have the potential 
to reduce NT and SO4

2- concentrations to below regulatory guideline values. Rates of 
NT and SO4

2- decrease in a post-closure scenario have been calculated from existing 
monitoring data.

Ten shallow groundwater monitoring data points from a platinum mine on the 
Western Limb of the Bushveld Complex, South Africa, representing a maximum period 
from February 2005 to October 2020 and 280 observations, were analysed. In addition 
to the standard timeseries and statistical analysis, a new analysis method was tested on 
the data. The method is termed “Plume-and-Pulse” analysis and entails identifying NT 
and SO4

2- pulses within a pollution plume from a timeseries plot of monitoring data and 
using the measured concentrations together with the proportion of nitrogen species 
i.e., nitrate (NO3

-), nitrite (NO2
-) and ammonium (NH4

+), of individual pulses and the 
differential change between analysis points to calculate rates of change of NT and SO4

2- 
species. These rates are statistically analysed and a distribution of post-closure NT and 
SO4

2- decrease rates estimated.
The main findings are that NT and SO4

2- show decreasing concentrations in shallow 
groundwater boreholes associated with mineral waste facilities, (i.e. tailings and waste 
rock), that have been intermittently operated over the monitoring period. The periods 
of inactivity represent post-closure scenarios. The Plume-and-Pulse analysis indicated 
a NT range of decrease rates between 5.25×10-10 (635 μg/L/d) and 9.54×10-14  M/s 
(1 μg/ L/d), with a median of 2.39×10-12 M/s (3 μg/L/d). The sulfate decrease rates 
range from 7.32×10-10 (6 075 μg/L/d) to 1.24×10- 12 M/s (10 μg/L/d), with a median of 
1.26×10-11 M/s (105 μg/L/d). The decrease of NT may be caused by gasification as well 
as microbial reduction of dissolved N-species. The reduction of SO4

2- is most probably 
caused by microbial S-reducers and precipitation of metal sulfides in the anaerobic 
groundwater aquifer matrix.

The implication of this work is that post-closure remediation of NT and SO4
2- may not 

be necessary, if decrease rates are rapid enough. If decrease rates are not rapid enough, 
simple augmentation of shallow groundwater aquifers by the relevant microbial species 
may be a sufficient, long-term, post-closure mitigation.
Keywords: Mine Pollution, Post-Closure, Nitrogen, Sulfate, Plume-and-Pulse Method

Introduction 
Elevated concentrations of total nitrogen (NT), 
from ammonium nitrate explosives (Brooks et 
al., 2019), and sulfate (SO4

2- ), from oxidising 

metal sulfides in water draining from precious 
metal mine waste facilities is ubiquitous. The 
sources and geochemical behaviour of these 
constituents in the mine reticulation system 
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during the mining operational phase are 
generally well understood. However, as more 
mines are reaching the end of their lifetimes 
and are closing, knowledge of the fate of 
NT and SO4

2- in the natural environment, 
particularly in surface water and groundwater, 
is becoming increasingly important. From 
a biogeochemical perspective, the processes 
controlling the speciation and mobility in 
the impacted environment are less well 
understood.

With the advent of biogeochemistry as 
a scientific discipline from geochemistry 
by Vladimir Vernadsky and co-workers in 
the late 1990s (Schlesinger and Bernhardt, 
2020), came the realisation that geochemical 
processes are more complex than previously 
thought. Life, especially microbial (e.g., 
bacterial), and algal species, exert major 
controls on the rate of geochemical processes 
in natural and anthropogenically impacted 
environments (Schlesinger and Bernhardt, 
2020). This is especially true for essential bio-
nutrients such as NT and SO4

2-.
In South Africa, mining companies are 

required to gather surface water and ground-
water monitoring data for key parameters at 
key locations on the mine site during their 
operation. This data is sent to the relevant 
government departments and is meant to 
ensure compliance with conditions set out 
in the mine’s water use licence. Often, this is 
the only purpose for which the monitoring 
data are used. In addition to compliance  
with regulations, monitoring data are also 
a record of biogeochemical processes and 
changes occurring at the mine site as well 
as in the surrounding environment. With 
sufficient knowledge, the monitoring data 
can be placed in a broader biogeochemical 
context, revealing the fundamental gover-
ning processes on specific constituents. Once 
the governing processes are known, their 
long-term behaviour can be determined 
and, if required, the appropriate remedial 
methods applied. 

The aim of this study was to bring the 
continuous groundwater monitoring data at 
a Bushveld platinum mine, South Africa, into 
a biogeochemical context to identify impacts 
and whether remedial action in a post-closure 
scenario is required.

Methods 
Timeseries data from 10 groundwater 
monitoring points representing a maximum 
monitoring period of just over 15 years 
and 280 observations were provided by an 
operational platinum mine located in the 
Bushveld Complex, South Africa. The NT 
and SO4

2- data were analysed. The database 
contained data for three N species, NO3

-, 
NO2

- and NH4
+.

The monitoring points were selected 
downgradient of mine mineral waste facilities 
(i.e., waste rock and tailings) and down-
gradient of historically mined open pits and 
shafts. The data was analysed on three scales. 
Rates of change were calculated between 
several points of increasing and decreasing 
NT and SO4

2- concentration for each pulse. 
The individual pulse data was compiled for 
each monitoring point as well as for the entire 
mine site and analysed. Descriptive statistics, 
histograms and box plots were used as part of 
the data analysis process.

Results and Discussion
Pulses of N were identified using the 
timeseries monitoring data. An example is 
fig. 1 which shows a borehole downgradient 
from a tailings facility. It is evident from the 
plot that the dominant N species is NH4

+ and 
that there appears to be an inverse correlation 
between NH4

+ and SO4
2-. The interpretation of 

the timeseries monitoring data can be aided 
by the conceptual model in fig. 2. In fig. 2 the 
plume is shown as it is usually depicted in 
textbooks and publications. However, the plot 
at the bottom of fig. 2, which represents the 
monitoring data signal as measured over the 
monitoring period, and the actual data plot 
in fig. 1, shows that elevated N concentrations 
reach the monitoring borehole as pulses and 
is not a constant, continuous, homogenous 
input of N, and SO4

2-, into the shallow 
groundwater system. The implication of the 
pulses of elevated NT and SO4

2- concentrations 
rather than a constant continuous input is 
that data from the analysis of individual 
pulses provide information on longer term 
trends of increasing or decreasing NT and 
SO4

2-. Analysis of a single pulse cannot 
provide information on the longer-term 
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biogeochemical behaviour of the system. 
The pulse-nature of the NT and SO4

2- plumes 
dictated that multiple pulses from multiple 
monitoring boreholes be analysed.

A total of 381 differential analysis points 
for NT and 182 for SO4

2- from 24 pulses in the 
10 monitoring boreholes were analyses. The 
results of the analysis is shown in tab. 1 and 
graphically in fig. 3.

Figure 1 Timeseries plot of N and SO4
2- data from a shallow groundwater monitoring borehole downgradient 

from a tailings facility showing the three N pulses analysed for differential changes in N species concentration.

Figure 2 Conceptual model indicating the relationship between the signal in the timeseries monitoring data 
plot (bottom of the figure) and the plume emanating from a N-source e.g., tailings facility (top of figure).
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The histograms and box plots of the NT and 
SO4

2- rate of change data indicates that the 
variation of the rates is within the same order 
of magnitude and that there are few outliers. 
It also shows that although the rates of 
increase and decrease of NT and SO4

2- overlap, 
the rates of decrease tend to be higher than 
the rates of increase, indicating a general 
trend towards decreasing concentrations of 
NT and SO4

2-. NT decrease rates are between 
5.25×10-10 (635 μg/L/d) and 9.54×10-14 M/s 
(1 μg/L/d), with a median of 2.39×10-12 M/s 
(3 μg/L/d). The sulfate decrease rates range 

from 7.32×10-10 (6 075 μg/L/d) to 1.24×10-12 
M/s (10 μg/L/d), with a median of 1.26×10- 11 
M/s (105 μg/L/d). The similarity between 
the order of magnitude of the rates of the 
increasing and decreasing concentrations 
indicate that the NT and SO4

2- redox processes 
may be coupled by biogeochemical processes.

Possible processes include volatilisation 
through denitrification forming predomi-
nantly N2 and N2O gasses (Pina-Ochoa 
and Alvarez-Cobelas 2006, Korom 1992, 
Mateju et al. 1992) and the formation of 
ammonia through ammonification (Burger 

borehole 
(downgradient)

pulse

∆[SO4
2-] ∆[NT]

increase decrease increase decrease

M/s

Tailings BH 1

1 2.61×10-11 -3.60×10-12

2 -1.26×10-11 -1.19×10-13

3 -4.05×10-14 -1.79×10-12

Tailings BH 2

1 -6.43×10-11 3.61×10-12

2 4.73×10-11 -2.39×10-12

3 5.59×10-11 -1.02×10-12

Tailings BH 3

1 -8.71×10-12 -1.00×10-13

2 -2.44×10-12 1.39×10-13

3 7.86×10-12 2.32×10-12

Tailings BH 4

1 8.81×10-12 5.99×10-13

2 4.28×10-12 1.47×10-13

3 -1.04×10-11 -8.83×10-14

Tailings BH 5 1 2.19×10-12 7.60×10-12

Waste Rock BH 1

1 8.82×10-12 2.59×10-13

2 -7.88×10-12 -1.88×10-11

3 5.51×10-12 -6.50×10-13

Tailings BH 6 1 -1.01×10-09 1.28×10-10

Tailings BH 7
1 -1.09×10-10 -6.26×10-10

2 1.18×10-10 -2.09×10-10

Waste Rock BH 2

1 1.02×10-09 0

2 -4.57×10-10 -4.57×10-10

3 2.02×10-10 2.06×10-12

Waste Rock BH 3
1 1.79×10-10 -5.20×10-12

2   -3.08×10-10   -5.84×10-12

Table 1 Summary of concentration rates of change calculated from pulses in shallow groundwater monitoring 
borehole timeseries data.
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Figure 3 Histogram and box plots of the rates of change data for NT (a and b) and SO4
2- (c and d).
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and Jackson 2003). The Henry constant for 
NH3(g) at 25°C per mole of gas dissolved is low 
(Rong et al. 2011) but can still be significant 
when considering the total mass of NT in the 
system. Both processes can be microbially 
controlled and catalysed.

A potential mechanism by which SO4
2- 

may be removed from at least the aquifer 
water column is reduction to sulfide (S2-), 
which at pH values greater than 7 is in the 
form of the HS- anion. The HS- then reacts 
with dissolved metal ions, principally iron 
(Fe2+) to form S2- mineral precipitates e.g., 
pyrite [FeS2], which settle and become part of 
the aquifer matrix. This process can also be 
microbially controlled and catalysed (Shen 
and Buick, 2004).

The denitrification, ammonification, 
and sulphate reduction process can also be 
coupled by the microbial sulfammox process. 
In recent years, laboratory studies on N 
and S biogeochemical processes show that 
N and S cycles can be linked in anaerobic 
environments found in marine and wetland 
sediments, by a SO4

2-- reducing NH3(aq)-
oxidation (sulfammox) process (Liu et al., 
2021). The sulfammox process is facilitated by 
microbes and entails the coupled reduction of 
NH4

+ and SO4
2- to produce N2(g) and N2O(g). 

NO2
-, N2H4, NH2OH and S2

- are important 
intermediate species in this process. The net 
reaction for this process is given in eq. 1 (Liu 
et al., 2021):

8NH4
+ + 3SO4

2- → HS- + 4N2(g)
 + 12H2O + 5H+

Equation 1

In eq. 1, g denotes the gas phase. In the 
presence of organic matter, eq. 2 can be 
written  (Liu et al., 2021):

CH2O + 4NH4
+ + 4SO4

2- → 4HS- + 5CO2
 + 2N2

 + 11H2O

Equation 2

The sulfammox process occurs between 
pH values of 7 and 8.5 and at HCO3

- 
concentrations < 1  000 mg/L (Liu et al., 
2021). A conceptual model of the process is 
shown in fig. 4.

Future work will be focussed on quanti-
fying the biogeochemical processes respon-
sible for the decrease of NT and SO4

2- in the 
platinum mine site groundwater system.

Conclusions
An analysis of the rates of change of NT and 
SO4

2- from shallow groundwater monitoring 
data from boreholes downgradient of mine 
mineral waste facilities, shows a trend 
towards decreasing concentrations over time, 
implying that mass of these constituents is 
removed from the groundwater column to 
either the gas phase or to the solid phase 
(i.e., the aquifer matrix). NT decrease rates 
are between 5.25×10-10 (635 μg/L/d) and 
9.54×10- 14 M/s (1 μg/L/d), with a median 
of 2.39×10-12 M/s (3 μg/L/d). The sulfate 

Figure 4 Reaction network diagram showing the sulfammox process on the left, which couples nitrogen and 
sulfur reduction and the ammification and sulfur oxidation process on the right. The balance within the 
network determines whether the concentration of N and S species decrease or increase over time. 
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decrease rates range from 7.32×10-10 (6  075 
μg/L/d) to 1.24×10-12 M/s (10 μg/L/d), with a 
median of 1.26×10-11 M/s (105 μg/L/d). 

The similarity between the order of 
magnitude of the rates of the increasing and 
decreasing concentrations indicate that the 
NT and SO4

2- redox processes may be coupled 
by biogeochemical processes.

Possible biogeochemical processes in-
clude denitrification forming N2 and N2O gas 
as product, ammonification, which causes 
degasification of NT in the form of NH3(g) as 
well as the reduction of SO4

2- to S2- and the 
precipitation of metal sulfide minerals in the 
aquifer matrix. The denitrification and sulfate 
reduction may be linked by the sulfammox 
biogeochemical process. The implication of 
these results is that S and N can be expected 
to decrease in a post-closure scenario due to 
“natural” mitigation. 

Future work will be focussed on quan-
tifying the biogeochemical processes respon-
sible for the decrease of NT and SO4

2- in the 
platinum mine site shallow groundwater 
system and the rates of decrease, focussed on 
a post-closure scenario.
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Abstract
Field trials were established at OceanaGold’s Globe Progress Mine, located in the West 
Coast of New Zealand, to determine the most appropriate passive treatment system for 
post-closure.

The trials consisted of four bioreactors, with the addition of biosolids or mussel 
shells, to treat combined underdrain seepage. A vertical flow reactor (VFR), which uti-
lizes oxidation of iron-rich water to co-precipitate and adsorb metals onto a non-reac-
tive gravel bed, was also trialled to treat a separate underdrain seepage. 

Results indicate arsenic removal was greater in bioreactors with biosolids, with 
about 80% removal at 24h hydraulic retention time (HRT). Sulfate removal increased 
with HRT and more sulfate was removed in biosolid treatments. Results from the VFR 
trials indicate 90% iron removal and 80% arsenic removal at a 24h HRT. 
Keywords: ???

Passive Treatment Options for the Removal of Elevated Iron 
and Arsenic from Circum-neutral Mine Affected Water

S. Hayton1,3, D. Trumm2, T. Horton1, J. Pope2, D. Ross3, M. Williams3

1Department of Geological Sciences, University of Canterbury, Christchurch, 8041 
2Verum Group, 97 Nazareth Ave, Christchurch, 8024
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Introduction 
OceanaGold’s Globe Progress Mine, located 
in the West Coast of New Zealand, is an 
open cast hard rock orogenic gold mine, 
which ceased operation in 2015 and is now 
in the closure phase of the mining life cycle. It 
operates through an Access Agreement (AA) 
with the Department of Conservation (DOC), 
a government agency and is situated on public 
conservation land. Water discharges from site 
are governed by resource consents granted 
by local and regional councils. Compliance 
limits are based on water use and ecological 
protection. OceanaGold Corporation (OGC) 
have met these compliance limits while 
in operation by using an active treatment 
process. 

The mine site consists of two Waste Rock 
Stacks (WRS), four pits (three of which have 
been backfilled while the fourth (Globe Pit) 
has become a pit lake), a Tailings Storage 
Facility (TSF) and a process/water treatment 
plant. There are three key sources of water 
that will discharge from site indefinitely post 
closure: the TSF pond, Globe Pit Lake, and 
the WRS/TSF underdrain seepages. It was 

predicted that the TSF pond water would 
meet discharge criteria after the TSF closure 
is complete with no treatment required, 
which has now occurred. Globe Pit Lake 
water quality also currently meets discharge 
criteria. However, there is a risk that arsenic 
levels within the lake may become elevated 
in future. This risk is being addressed by 
adaptive management (Hayton et al., 2020) 
with potential to incorporate pit lake flows 
into the passive treatment system if required. 
The WRS/TSF underdrains were predicted to 
need treatment indefinitely due to elevated 
iron, and arsenic, while sulfate reductions, 
though not required for compliance, were 
seen as being advantageous to downstream 
water quality.

The Water Treatment Plant (WTP) treated 
the TSF and the WRS/TSF underdrains 
during operations and care and maintenance. 
However, it was not practicable to continue 
actively treating underdrain discharges (or 
incorporate Globe Pit Lake water treatment) 
post closure. Therefore, an alternative passive 
treatment systems were developed and trialled 
for long term water treatment at the site. This 
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paper explores two trials that were undertaken 
to establish the most appropriate and efficient 
method of post closure water treatment. A 
review of the literature determined the two 
most appropriate systems for this site were 
either a bioreactor or a vertical flow reactor 
(VFR) (Sapsford et al., 2007., Trumm, 2010., 
Hayton, 2020).

Methods 
Influent Water Chemistry Characterisation
The WRS/TSF underdrains have a variety 
of sources and chemistries but report to 
one area. The underdrains can be separated 
broadly into two categories: 
• The relatively high metal concentration 

of both the Potentially Acid Generating 
(PAG) Cell within the WRS and the 
Fossickers TSF underdrains; and

• The relatively low metal concentration WRS 
underdrain (referred to as Rock Drain). 

All discharges are circum-neutral to slightly 
alkaline due to the presence of abundant 
carbonate within the local mineralized rock 
(Milham & Craw, 2009). The outlets from the 
PAG and TSF underdrains are collected in a 
single point. The elevated concentration of 
arsenic (1.7 g/m3) and iron (28.5 g/m3) make 
it unacceptable for direct discharge, while 
sulfate (425 g/m3) is also elevated. The average 
flow for the combined underdrains reporting 
to this sump is approximately 3.5 L/sec. The 
Rock Drain has moderate concentrations of 
iron (7.6 g/m3) and arsenic (0.2 g/m3), elevated 
concentrations of sulfate (570 g/m3), and flow 
rates vary from approximately 5 L/sec to > 
60 L/sec. The Rock Drain discharged during 
operations to Devils Creek (downstream of 
the mine site) through a silt pond (Devils 
Silt Pond), which was controlled by a manual 
valve. Precipitation of iron from the Rock 
Drain water as it passes through the silt pond 
is sufficient for direct discharge from the silt 
pond meeting compliance requirements. 

Bioreactor Design
Four different bioreactor substrate mixes 
were trialled with selection based on: 
• Availability and longevity of the carbon 

source; and
• Material permeability. 

It has been suggested that a mixture of 
substrates, especially those which decompose 
at different rates, provide the best metal 
removal (Cocos, Zagury, Clément, & 
Samson, 2002; McCauley, O’Sullivan, 
Weber, & Trumm, 2008; Zagury, Kulnieks, 
& Neculita, 2006). A base media mixture of 
spent mushroom compost, sawdust and bark 
was selected for all trials. This selection was 
based on findings from the literature, the 
local availability of the materials, and the pH 
of influent water. Limestone was not required 
from a treatment perspective as influent 
water was circum-neutral. Other additives 
incorporated in some of the trials include:
• Mussel shells, which were found to be 

effective at adding an organic component 
while maintaining porosity and were 
readily accessible as a waste product; and 

• Biosolids, have been used in mine site 
reclamation work, while animal manure 
has been proven to be an effective additive 
to several bioreactor trials (Cocos et al., 
2002; Skousen et al., 2017).

The substrate mixture percentages for different 
trials are shown in Table 1. Substrates were 
sampled, prior to being mixed, from the bulk 
stockpile and sent to Hill Laboratories for 
analysis. The analysis suite included metals 
(extensive suite at screen level), total sulfur, 
total nitrogen, and total organic carbon. The 
porosity was measured by placing substrates 
in a 10 L bucket and measuring how much 
water it took to fill the pore space. Mixed 
substrates were also sampled and sent for an 
extensive suite analysis at screen level of total 
recoverable metals. 

The bioreactors are all designed as up-flow 
systems to prevent the addition of oxygen to 
maintain a reducing environment. Water is 
driven through the systems by gravity flow 
from a seepage collection sump (containing 
TSF and PAG underdrain water) into a 
mixing tank which fed into the base of the 
bioreactors. The water then passed through 
the mixed media layer and collected in a free 
water layer which was evenly drained by a 
pipe tree drain (Figure 1). An initial residence 
time of 24 hrs was targeted, but as the trial 
progressed this was increased to 48 hrs to 
test the effect of a longer HRT on the metal 
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Figure 1 Schematic of bioreactor design.

Table 1 Bioreactor treatment mixtures (%).

Treatment Compost Saw dust Bark Boisolids Mussel Shells

1/B-LC 20 30 30 20 –
2/M-LC 20 30 30 – 20

3/B-MC 40 20 20 20 –
4/M-MC 40 20 20 – 20

removal. Exact HRT times were difficult to 
achieve. Microbial communities within the 
substrates provided a colonizing community 
of Sulfate Reducing Bacteria (SRB) and 
therefore they were not inoculated.

Bioreactor sampling
Bioreactor sampling was undertaken every 
fortnight for the 2-year duration of this trial. 
Influent samples were collected from the 
mixing tank, prior to gravity feeding into the 
bioreactors.

Effluent samples were collected from the 
discharge pipe of each reactor and analyzed 
for a range of parameters, including dissolved 
arsenic, dissolved iron, sulfate, nutrients 
and alkalinity. Field measurements of 
percent dissolved oxygen, pH, conductivity 
and temperature, were taken from the 
free water layer before discharge. Periodic 
iron speciation and sulfide measurements 
were made in the field using a portable 
spectrometer. Sludge samples were collected 
and analyzed twice, via XRF and XRD during 
the operation of these trials determine metal 
and mineral compositions. 

Vertical Flow Reactor Design
The VFR is designed to aerate the neutral 
metalliferous drainage causing precipitation 
of iron and the co-precipitation or adsorption 
of other metals (e.g., As), the metal laden 
precipitate then settles onto a non-reactive 
gravel filter bed. The VFR is operated as a 
downflow system, with the Rock Drain water 
being pumped from a v-notch weir where it 
first daylights and enters the system from a 
spray nozzle at the top of an open 25,000 L 
tank. Water is stored in a 1.65 m free water 
layer where oxygenation of Fe2+ to Fe3+ 
occurs. The water passes through a series of 
gravel layers including a 100 mm thick fine 
chip layer (clean, angular chip ranging from 
approximately 2.3-6.7 mm), a 100mm thick 
coarse chip layer (ranging 7.5 – 10 mm), and 
finally into the 100 mm thick drainage gravel 
layer (rounded, ranging approximately 25-50 
mm). Water is collected in an outlet coil 
within the drainage gravel layer that connects 
to the tank outlet. The water level in the 
VFR is controlled by the outflow gooseneck 
(Figure 2). 
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Vertical Flow Reactor sampling
VFR sampling was undertaken every 
fortnight for the 2-year duration of this trial. 
Influent samples were collected from the 
Rock Drain weir. 
Effluent samples were collected from the 
discharge pipe, and analyzed for a range 
of parameters, including dissolved arsenic, 
dissolved iron, total iron and sulfate. Field 
measurements of percent dissolved oxygen, 
pH, conductivity and temperature, were 
taken from the free water layer. Periodic 
iron speciation and sulfide measurements 
were made using a portable spectrometer. 
Sludge samples were collected and analyzed 
twice during the operation of these trials to 
understand the ratio of Fe to other metals 
accumulating on the gravel bed and to 
measure solids content and sludge drying 
rates. 

Results and discussion 
Bioreactor 
All bioreactor treatments removed dissolved 
iron, dissolved arsenic and sulfate to varying 
degrees. Treatments with biosolids removed 
more dissolved iron, arsenic, and sulfate 
than mussel shell treatments (Figures  3, 4, 
and 5). Treatments with higher percentage 
of compost showed no difference in removal 
of the dissolved metals or sulfate compared 
to lower percentages of compost. Removal 
rates for all treatments were generally higher 
with longer HRT, especially for sulfate, with 

Figure 2 Schematic of VFR design.

removal in the biosolid treatments increasing 
from 20% at 50 hrs to 40% at 100 hrs.

The biosolids organic carbon content 
was lower than base mix substrates but 
higher than mussel shells. Biosolids also 
had the highest nitrogen and phosphorous 
concentrations, which are necessary for sulfate 
reducing bacteria (SRB) activity (Dev, Patra, 
Mukherjee, & Bhattacharya, 2015). Higher 
As, Fe, and sulfate removal in treatments with 
biosolids is most likely due to higher amounts 
of available nutrients in the biosolids, which 
enabled the SRB to more efficiently carry 
out their functions ultimately increasing the 
metal and sulfate removal (Dev et al., 2015; 
Patidar & Tare, 2006). Higher removal rates 
with longer HRT showed that the reduction 
of metals in solution and sulfate to metalloid 
sulfides was dependent on contact time with 
the SRB. 

Analysis of precipitates from the systems 
was undertaken on two occasions. Material 
sampling proved extremely difficult to extract 
and analyze without the introduction of 
oxygen. XRF analysis showed that arsenic, 
iron, and sulfur were present, but in varying 
proportions in treatments and over sampling 
rounds. XRD analysis showed prominently 
amorphous materials, although on the second 
sampling round on treatment 2 (mussel shells, 
with less compost), Greigite, an iron sulfide 
mineral, made up 49% of the sample. This 
indicates that sulfate reduction is occurring 
in this system, and by inference, in the other 
treatments also.
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Figure 3 and 4 Percentage removal for iron/arsenic for each treatment. B = Biosolids, M = Mussel shells,  
LC = Less compost, and MC = More compost.

Figure 5 Percentage removal for sulfate for each 
treatment. B = Biosolids, M = Mussel shells,  
LC = Less compost, and MC = More compost.

Vertical Flow Reactor 
The VFR trial showed high median removal 
rates for dissolved arsenic of 95% and 
dissolved iron of 99%. Removal rates were 
somewhat dependant on HRT, decreasing to 
approximately 75% and 84% for As and Fe, 
respectively, at the lowest hydraulic residence 
time of 10.5 hrs. Overall, results indicate that 
removal rates of over 95% for iron and over 
90% for arsenic are consistently achievable 
over a 24 hour residence time. 

The build-up of iron precipitates on 
the gravel bed creates a lower permeability 
layer requiring increased driving head to 
meet treatment design flow rates (Figure 
6). If the VFR is operated under excessive 
driving head, sludge could be pulled through 
the gravel layer, resulting in sludge scour 
(Barnes, 2008) and system failure. A regular 
maintenance schedule on full scale system 
would be required to periodically remove 
the sludge layer to maintain flow rates and 
treatment performance (Trumm and Old. 
2020., Trumm et al., 2022)

Sludge samples were taken on two separate 
occasions during the operation of this system 
and analyzed for metal concentrations and also 
for solids content (over time) to understand 
the drying times. This data showed that in 
dry weather conditions sludge could reach 63 
wt% solids in 12 days, although during wet 
weather conditions it would remain around 
20 wt% solids. Therefore, maintenance should 
be scheduled for summer to maximize sludge 
drying / density. 

Conclusion 
The VFR trial data showed that removal 
rates were consistently high at relatively 
low residence times. This suggests the VFR 
system can treat greater flows with the same 
footprint as a bioreactor (or the same flows 
in a reduced footprint). The VFR treatment 
system does not rely on biological activity and 
therefore is not affected by temperature nor is 
it reliant on nutrient and carbon availability. 
These two factors combined with a relatively 
simple design make the VFR system more 
suitable for long term post closure passive 
treatment at Globe Progress.

A team of specialist engineers and 
geochemists along with the assistance of 
OceanaGold staff have worked together 
to design a comprehensive full-scale VFR 
system (Trumm and Old. 2020., Trumm et 
al., 2022). This inter-disciplinary approach 
has accomplished a detailed and peer 
reviewed design, which takes into account 
various flow rates, clean outs, cut-off drains, 
and remote monitoring equipment powered 
by hydroelectric and solar power options. 
The Globe Progress passive treatment system 
is the first of its kind to be installed in New 
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Figure 6 Effect of sludge accumulation over time on VFR trial driving head and flow rate

Zealand, with construction occurring in 
2021–22.
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Abstract
Integrated Mine Water Management (MWM) is essential in selecting the strategy and 
management for a mine. A MWM tool simulates the uncertainty of predicting future 
climate and models the response of hydrological processes. For a copper-gold porphyry 
mine in the high Cordillera de Los Andes, SRK Consulting Inc. (SRK) developed a 
tool incorporating stochastic daily precipitation, snowpack, runoff, and temperature, 
including corrections for climate change and El Niño La Niña effects, into a single 
model. This record drove a numerical hydrologic, lumped-basin-parameter runoff 
model, calibrated to the regional and local stream gauge records to produce streamflow 
under simulated climate conditions. 
Keywords: Climate Simulation, Climate Change, ENSO Predictions, Hydrologic 
Modelling

Introduction 
The project was a Cu-Au porphyric intrusive 
mining project located in the Cordillera de 
Los Andes being consider for an open pit 
mine. Located near the continental divide of 
the Andes, the project watershed was divided 
into several sub-basins that corresponded 
to stream gauges recently installed by the 
project team, with areas between 90 to 
1800 km2, and mean elevations ranging from 
4385 above mean sea level (amsl) to 4860 
amsl. Seven years of irregularly sampled 
instantaneous streamflow measurements 
were available from these stream gauges 
(BGC 2019).

Climatologically, the project was located 
on the southern limit of the so-called Arid 
Diagonal, which separates the tropical zone 
of the Andes to the north, where the humidity 
comes from the tropical circulation, from 
the arid and semi-arid zone of the central 
Andes, where moisture results from winds 
coming from the west. This climate is 
characterized by low rainfall, low relative 
humidity, and high solar radiation. 

Project Objectives
Integrated MWM is an essential component 
in mining and plays an important role in 
the decision-making process of the mining 
operation. Issues such as the availability of 
water supply, demand management, infra-
structure design, and evaluation of water en-
vironmental and social impacts form a key 
element in a project strategy.

In this context, SRK was tasked with deve-
loping a conceptual and numerical model in 
GoldSim to simulate the watershed behaviour 
of the study area to evaluate the impact of the 
construction and operation of the project on 
the flows in the study area. 

Six key objectives formed the basis for  
the models:
• Develop a climate model based on the 

historical records at the site that allows a 
stochastic generation of synthetic climatic 
variables of precipitation and temperature 
for use in the model. 

• Incorporate climatic trends using long-
term climate predictions. Notably, the cy-
clic El Niño Southern Oscillation (ENSO) 
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and Intergovernmental Panel on Climate 
Change (IPCC) climate change predic-
tions were incorporated into the synthetic 
climate record.

• Establish a simulated baseline flow in the 
study area to compare against future pro-
jections. 

• Evaluate the project impact both with and 
without climatic trends on streamflow in 
the study area.

• Evaluate the project from the pre-devel-
opment stage for several decades into the 
post-closure period.

• Incorporate flexibility into the model to 
allow it to evaluate different mine plans 
and mining strategies for the same criteria 
during future studies.

Conceptual Model
The model was designed to include indivi-
dual components developed separately, but 
incorporated into a single model so that 
the simulation would function as a single, 
integrated whole.

Climate Simulation
The climatic component of the model pro-
duced precipitation and temperatures repre-
sentative of the historic climate at the site and 
incorporated both the effects of the El Niño 
La Niña cyclical effect and projected climate 
change over the multi-decade period the 
model was evaluated for.

Extension of Site Records
The local site information consisted of 5 to 
6 years of historical records (BGC 2019). 
However, for the long-term trends needed 
for the precipitation-runoff models, decades 
of continuous information gathered from 
several external sources are required. 

For this project, the site data were extended 
using various sources of satellite information, 
climatic gridded models, and hybrid satel-
lite sources, combined with machine intel-
ligence. After evaluating several sources, 
the Modern-Era Retrospective Analysis 
from Research and Applications, Version 
2 (MERRA2) (NASA 2019) and European 
Centre for Medium-Range Weather Forecast 
(ECMWF) Reanalysis series number 5 (ERA-
5) (ECMWF, 2019) data sources were selected 

as most relevant. MERRA2 included daily 
data from 1983 to current (2018 at the time 
of development) for the entire world, based 
on a 0.5° latitude by 0.5° longitude grid, while 
ERA-5 included sub-daily data from 1979 to 
current for the entire world, based on a 0.25° 
latitude by 0.25° longitude grid.

Statistical analysis produced a daily 
Pearson correlation of 0.97 between air tempe-
rature from the site stations with the MERRA2 
gridded dataset. The two data sets also aligned 
with the adiabatic lapse rate (i.e., temperature 
vs. elevation) of approximately 5.7 °C per 1000 
m. The local temperature records were patched 
and extended with a linear regression from the 
MERRA2 dataset. 

For total precipitation, statistical analysis 
produced a monthly Pearson correlation of 
0.7 to 0.9 between the local records and the 
ERA-5 dataset. Using this relationship, local 
records were patched and extended back to 
1979. The daily local records were extended 
using quantile mapping (Gudmundsson et al. 
2012), where the ERA-5 daily precipitation 
distribution was matched with the local 
distribution observed at the site.

These extension and patching methods 
provided site relevant daily records from 1980 
to 2018 without any gaps for daily maximum 
and minimum air temperature and total 
precipitation.

Climate Oscillations
The El Niño La Niña cyclical effect, or El Niño 
Southern Oscillation (ENSO) is an ocean-
atmosphere interaction that can cause weather 
cycles on a time scale of years to decades. 

A statistical comparison of the monthly 
averages of the patched and extended site 
climate records were compared against the 
Multivariate ENSO index (MEI) (NOAA 
2020), a measure of the strength of the historic 
ENSO effect from 1951 to 2018, typically in 
the range of -2 to +2. 

The analyses indicated that there was no 
significant effect on temperature from the 
ENSO effect, but that the ENSO effect did 
produce a response in precipitation values. 
As can be seen in Figure  1, average rainfall 
was 20 mm to 30 mm greater during periods 
of positive MEI during the winter months of 
July and August.
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Climate Change
SRK evaluated the effects of future climate on 
the Project using the IPCC Fifth Assessment 
Report (AR5) (IPCC 2014) and the information 
and models of the NASA Earth Exchange 
Global Daily Downscales Projections (NEX-
GDDP) (Thrasher et al. 2012) to estimate the 
impacts on precipitation and temperature.

The climatic predictions were presented 
from 2011 to 2100, considered the maximum 
reasonable period to extend the predictions. 
Within this window, three, 30-year periods 
were applied to evaluate the change in pre-
cipitation and temperature from the baseline 
of 1976 to 2005. Each of the 26 models 
available in NEX-GDDP projections was 

Figure 1 Average monthly precipitation for years of positive and negative MEI

Period

Change from baseline [%] Average 

Precipitation 
Total 

Maximum 
Temperature

Minimum 
Temperature

Precipitation 
Total (mm)

Maximum 
Temperature

Minimum 
Temperature

(% change 
from baseline)

(% change 
from baseline 

ºK )

(% change 
from baseline 

ºK )
(ºC / ºK) (ºC / ºK)

Baseline (1976-2005) 0 0.00 0.00 219 0.83 / 273.98 -0.93 / 272.22

2020s (2011-2040) -11 0.43 0.37 194 2.02 / 275.17 0.08 / 273.23

2050s (2041-2070) -22 0.80 0.74 171 3.02 / 276.17 1.08 / 274.23

2080s (2071-2100) -27 1.15 1.10 160 3.98 / 277.13 2.06 / 275.21

Table 1 Trends in climate change climate variables for the Project
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evaluated and the median change for the 
RCP 4.5 climate scenario with respect to the 
baseline condition was selected, as shown  
in Table 1.

The climate change predictions predicted 
a decrease of annual precipitation in the 
region and an increase in temperature, which 
translated as an increase in winter rainfall 
at the expense of snowfall due to rising 
temperatures. Both effects would result in a 
smaller snowpack compared to the baseline, 
with a net effect of an earlier and shorter 
snow melt season.

Precipitation-Runoff  
Hydrological Model
The high complexity of the process of 
generating flows of the high mountain range 
(sublimation, snow capture efficiency, effect 
of glaciers, interaction with groundwater 
system, among others), as well as the limited 
flow records at the site, indicated the need for 
a model that simplifies unknown factors but 
is still representative of the basin hydrology.

An evaluation of available the rainfall-
runoff models resulted in the selection of the 

GR5J “Modèle du Génie Rural à 5 paramètres 
Journalier“ (rural engineering of 5 daily 
parameters model) with the snow melt model 
CemaNeige (Le Moine 2008). 

A flow schematic of the GR5J model 
(without the CemaNeige component) is 
shown in Figure 2. A total of five calibration 
parameters are used for each sub-watershed 
(labelled X1 through X5 in the Figure). An 
additional two parameters are used in the 
CemaNeige component to define the degree-
day melt potential and thermal inertia in the 
snowpack. 

Proof of Concept for Precipitation-Runoff 
model
Because of limited and sporadic flow records, 
calibration and validation of the local 
precipitation-runoff model was challenging. 
However, two downstream flow gauges ope-
rated by the national agency (San Juan Go-
vernment Argentina 2019) were used to 
validate the model. 

Observed monthly flows from these re-
gional gauges were used to calibrate the GR5J 
model, producing Nash Sutcliffe Efficiency 
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Figure	4	Comparison	between	GR5J	model	and	measured	flows	

Figure 2 GR5J Schematic
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(Nash et al. 1970) and Kling-Gupta efficiency 
(Gupta et al. 2009) from 0.6 to 0.9, which 
suggest the model is representative and sig-
nificant (Moriasi et al. 2007), as shown in 
Figure 3. 

Local precipitation-runoff model
Starting with the calibration to the regional 
gauges, local records were calibrated based 
on performance similarities (runoff peak, 
location, and magnitude). 

The calibration of the model was deve-
loped with historical records of on-site flow 
monthly between 2013 to 2015 as shown in 
Figure 4. Subsequent to the initial calibration 
efforts, climate inputs and flow records for 
the period of 2018–2019 were used to validate 
the 2013–2015 calibration.

Numerical Implementation
A single GoldSim (GTG 2018) numerical 
model was developed to integrate all the com-
ponents of the hydrologic model. 

The model used a synthetic climate gene-
rator based on the WGEN model (Richardson 
1984) that synthetically genera ted daily preci-

pitation and temperature. A custom module 
was developed that syn thetically generated 
a MEI index, statistically based on the cycle 
length between peaks and magnitude of the 
historical MEI index. A correction factor to 
adjust precipitation from the magnitude of 
the MEI, based on the relationship between 
the MEI and site precipitation outlined in 
the climate oscillation discussion above, was 
applied to the WGEN output.

Similarly, the effects of climate change 
projections were applied to the ENSO-ad-
justed WGEN output using the correction 
factors based on the impact to precipitation 
and temperature for each 30-year climate 
period outlined in the climate change dis-
cussion above. 

The climatic parameters were used as 
input to a GoldSim implementation of the 
CemaNeige model to produce rain fall, snow-
fall, and snowmelt, which was sub sequently 
applied to an implementation of the GR5J 
model. This iteration transformed the rainfall 
and snowmelt into streamflow using the basin 
parameters developed for each watershed 
within the project area.

Figure 3 Daily comparison of simulated and observed runoff for the Regional Stream Gauge

Figure 4 Comparison between GR5J model and measured flows
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Results and Conclusion
The predicted modelling scenarios incor-
porated dynamic simulation of the mining 
activities in the basin, from pre-development 
through closure as shown in Table 2.

In average terms, the synthetic climate 
generator produced precipitation totals simi-
lar to the historical record but with less varia-
bility. However, by including a correction 
factor for the impact of the ENSO effect, the 
standard deviation of precipitation records 
shows greater similarity to that observed 
historically. 

The effect of climate change was observed 
in a 22% decrease in the average precipitation 
by 2070, while mean annual temperatures are 
predicted to increase approximately 2 °C for 
the same period. These changes generated a 
significant decrease in expected flows to the 
site due to the increase in evaporation losses, 
loss of spring freshet, and overall decrease in 
annual precipitation. 

Streamflow results for the baseline scenario 
(with and without climate change effects) at 
control point RB008 are presented in Figure 6. 
The model predicted that, without climate 
change, summer flows could reach up to 
2 m3/ sec, but by including the effect of climate 
change, they remained below 0.6 m3/sec. 

The main effect on the expected flows due 
to the project occurred in the PB001 basin 
where 65% of the basin area would be collected 
and used to supply the project water demands 
during the operational period of the project.

For the future projections, 100 realizations 
using a Monte-Carlo simulation of the sto-
chastic climate generator simulated the 
system and produced streamflow within the 
basin in response to the loss of watershed 
from the mining activity, impact of the 
ENSO cycle, and effects of climate change. 
The simulation ran in parallel (i.e., subjected 
to the same climate conditions with no 
mining impacts) to provide a comparison of 
impacted and unimpacted conditions. See 
Figure  5 for an example of the impact for 
mining on the watershed.

Period Start Year End year

Pre-Development 1991 2019

Development 2021 2023

Operations 2024 2043

Closure/Post Closure 2044 2099

Table 2 Periods considered for the numerical model

Figure 5 Average monthly flows in Sub-basin PB001
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For the closure and post-closure periods of 
the project, most of the watershed is returned 
to natural conditions. However, about 20% 
of the area of the PB001 basin would still be 
impacted by closed mine infrastructure and 
is predicted to produce less surface runoff 
than the natural condition.

At the farthest downstream extent of the 
Project, (RB008), there was no significant 
impact to the monthly average flows. During 
the operational phase of the project, the 
difference between average expected flows 
with and without the project was close to 3% 
of the average flow. During the post-closure 
period, the impact to the average flows did not 
exceed 2% even at the 5th and 95th percentile 
flow extremes because the area impacted by 
the closed facility was a very small percentage 
of the basin.

A comparison of the flow impacts from 
the mining activities during the post-closure 
period indicated that the loss of streamflow 
from climate change was significantly greater 
than that predicted by the post-closure 
changes to the watershed.
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Abstract
Underground mining-related hanging wall subsidence and collapse have been shown 
to notably affect overlying aquifer hydraulic properties. These areas commonly fill with 
rubble due to progressive collapse with pervasive fracturing throughout the subsidence 
zone that is likely to reach surface. Post-mining hydraulic heads equilibrate between 
areas, via interconnected underground mining voids. This often results mine water 
discharge from low-lying subsidence zones, which was previously not accounted for 
and when omitted from numerical modelling, produce inaccurate calculations. Based 
on these findings, the incorporation of the hydraulic properties of subsidence zones in 
numerical flow models is considered critical. 
Keywords: Subsidence, Hydrogeology, Numerical Modelling, Mine Water, Discharge

Introduction 
Historically, mining related subsidence 
has been excluded from the conceptual 
hydrogeological understanding of decom-
missioned collieries in South Africa. It was 
commonly assumed that remedial actions 
to support hanging walls after closure of 
underground collieries in the country would 
be implemented successfully. However, 
based on surface observations using LiDAR 
at various underground collieries around 
the Secunda area in South Africa, hanging 
wall subsidence is currently taking place, 
and is predicted to continue in future. 
Observed subsidence is due to progressive 
failure of hanging walls from the mining 
void upwards (Van der Merwe, 2018). This 
is likely due to the absence of roof support 
within the mining void, or unsuccessful 
support methods employed (Canbulat et 
al., 2005). Van der Merwe (2018) identifies 
four types of hanging wall failures inclu-
ding subsidence caused by high-extraction 
mining, pillar failure, progressive roof 
collapse and sub-surface erosion. For the 
purpose of this study, the focus was directed 
to progressive roof collapse. Canbulat et al. 
(2018) describe this process as the gradual 
collapse of material from the immediate 
roof of the mine, termed the goaf area, 

progressing upward towards the surface. 
This progressive failure forms a cavity that 
is filled with rubble over time, partially 
attributed to material bulking, and the 
progression of the cavity is eventually choked 
at the intersection of the caving angles in the 
overlying strata, which could reach surface 
in shallow mining areas (Van der Merwe, 
2018). Associated with this process is 
deformation of strata above the roof collapse 
area and changes in permeability throughout 
the collapse zone. According to the work of 
Tammeta (2015) this results in increased 
hydraulic conductivity in the collapsed and 
deformed strata. Throughout the collapsed 
zone, hydraulic conductivity is raised by 
approximately 3 orders of magnitude, with 
hydraulic conductivity increasing by 1 to 
2 orders of magnitude in the overlying 
deformed zone. Based on the stress vectors 
in the strata, and by implication, this also 
raises the vertical hydraulic conductivity 
of the collapsed zone and the overlying 
deformation zone. 

Assuming the underlying mining void 
is not compartmentalised by underground 
mining seals, the mining void, along with 
roof collapse zones, becomes a continuous 
hydraulic conduit. Subsequently, overlying 
topography becomes the main control on 
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hydraulic head distribution, rather than coal 
seam geometry. Additionally, subsidence 
areas are likely to cause ponding on surface 
with elevated recharge entering the mining 
void, along with increased inflow from the 
overlying aquifer through collapse zones. 
These circumstances therefore become 
pertinent to the numerical flow modelling 
of the mine flooding process, as well as 
the calculation of potential mine water 
discharge areas. This study focuses on the 
incorporation of the hydraulic properties of 
collapsed hanging wall areas into numerical 
groundwater models. Incorporation of these 
hydraulic properties addresses the above-
mentioned collapse zone omission and 
explains variations in modelling results.

Methods 
Available data for the underground colliery 
investigated were collated to create a 
conceptual understanding of the flow 
mechanics of the aquifer-collapse zone-
mining void system. A review of ground-
water levels was conducted to understand 
the variation in hydraulic head between 
the mining void, the overlying aquifers and 
the collapsed subsidence zones. Hydraulic 
testing data ifrom pump tests were evaluated 
and sourced from Tammeta (2015) to 
understand the localised hydraulic parameter 
variations within- and above collapse zones. 
This included various storativities. Rainfall 
data was sourced from the South African 
Department of Water and Sanitation, with 

recharge calculations performed using the 
chloride method. For subsidence areas, the 
work of Hodgson and Krantz (1998) was 
consulted to identify reasonable recharge 
rates. Geological logs from local exploration 
boreholes were supplied by the mining 
operation, elucidating the local geology and 
structural discontinuities. Local rivers and 
streams were identified as constant head 
boundary conditions for numerical flow 
modelling purposes. Information described 
above was compiled into a conceptual model 
which was translated into a numerical flow 
model (Fig. 1).

Based on the available information, 
the numerical model construction can be 
described as follows:

A three-dimensional numerical model 
was employed to simulate stresses to the 
aquifer system in both a spatial and temporal 
context. The finite element 3D-modelling 
package FEFLOW 7 was used. Boundary 
conditions were selected to coincide with 
physical hydrogeological boundaries such 
as watersheds and local streams. The model 
mesh consists of 3315936 mesh nodes and 
3529130 mesh elements. Recharge to the 
aquifer in undisturbed areas was specified as 
0.00005 m/d while recharge to subsided areas 
was specified as 0.0002 m/d. Undisturbed 
hydraulic conductivity of the fractured rock 
sedimentary aquifer was specified as 0.0035 
m/d based on hydraulic testing data, with 
the hydraulic conductivity of collapsed areas 
specified as 3 m/d and overlying deformed 

Figure 1 Conceptual cross-section illustrating groundwater flow in the mining void-collapse zone- 
aquifer system



IMWA 2022 – "Reconnect"

163Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

strata as 0.35 m/d. The model included 11 
layers to account for vertical refinement 
with constant head boundaries specified at 
surface in the local streams, along with a 
maximum head elevation constraint. The 
calculated hydraulic heads for the pre-

mining situation were compared to hydro-
census information (Fig. 2).

Upon completion of the numerical model 
construction and -calibration, flooding of the 
mining void was simulated for two scenarios. 
These included a scenario where the hanging 

Figure 2 Numerical model mesh pre-mining

Figure 3 a) Drawdown during mining excluding hanging wall subsidence b) Drawdown during mining 
including hanging wall subsidence

a b
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wall remained intact, and a scenario where 
multiple hanging wall collapse zones formed 
after mining. Additionally, a comparison of 
the mine water discharge areas and volumes 
was also performed.

Results and Discussion 
Model results showed a notable variation 
in drawdown between the model including 
collapse zones, when compared with the 
model including an intact hanging wall 
(Fig. 3). Calculations illustrate a much larger 
inflow volume into the mining void in the 
model including collapse zones. Additionally, 
the drawdown was much more evident in the 
model including the collapse zones during 
the operation of the underground mine. This 
is due to the elevated hydraulic conductivity 
of the collapsed zones. When comparing the 
models calculating post-mining conditions, 
it is evident that the model containing 
collapsed hanging wall zones showed a 
regional lowering of the phreatic surface 
at higher elevations. Mine water discharge 
was calculated to take place into the local 
streams through the soil profile at relatively 

lower elevations, with a loss of baseflow to 
streams at relatively higher elevations in the 
model. Furthermore, a hydraulic linkage, via 
the underground mining void, was calculated 
to be present between collapsed hanging wall 
zones, subsequently equilibrating hydraulic 
heads between mining panels. Therefore, 
flow in collapsed zones was calculated to be 
downward in areas with relatively higher 
surface elevations and upward in areas with 
relatively lower surface elevations. A return 
to the pre-mining flow field after closure can 
be observed in the graphical illustration of 
the model calculations including an intact 
hanging wall above the underground mine 
workings (Fig. 4).

The implication of these findings is 
that collapsed hanging wall zones and the 
associated subsidence have a notable effect 
on aquifer hydraulics and resulting hydraulic 
heads post-mining, which cannot be ignored. 
If the mining void is not compartmentalised 
by high-pressure seals, a linkage between 
collapsed zones will likely form. This leads to 
a flattening of the phreatic surface between 
these zones with head elevation decreases 

Figure 4 a) Flow directions and groundwater flux 
after mine flooding and excluding hanging wall 
subsidence b) Flow directions and groundwater 
flux after mine flooding and including hanging wall 
subsidence

a

b
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in relatively higher topographic elevations 
and head elevation increases in relatively 
lower topographic areas. Therefore, mine 
water discharge is not limited to unsealed 
drill holes, adits or shafts, but can occur 
as diffuse seepage through the soil profile 
in subsidence zones in relatively lower 
topographic elevations, depending on the 
head distribution. This is also evident in 
haulages where deformation and collapse are 
pervasive throughout the mining panel, as 
described by Van der Merwe (2018). 

Conclusions
As hanging wall subsidence in South African 
underground collieries has recently become 
a better understood phenomenon, the 
subsequent effects relating to post-mining 
hydrogeology have also become clearer. 
This study illustratesthat hanging wall 
subsidence and collapse zones form conduits 
of elevated hydraulic conductivity to surface 
and influence aquifer hydraulic properties. 
The incorporation of the changes in aquifer 
hydraulic parameters into numerical flow 
models have shown significantly different 
results to models excluding hanging wall 
collapse and subsidence. This has implications 
for the calculation of mine water discharge 
areas and volumes, as well as inflows to the 
underground mine during operation. This 
study illustrates the equilibration of hydraulic 
heads between hanging wall collapse 
zones after mine flooding via connected 
underground mining voids. Mine water 
discharge areas are thus likely to form through 
low-lying subsidence zones, rather than being 
limited to anthropogenic conduits. Therefore 
the quantified understanding of hanging wall 

subsidence should be included in numerical 
modelling calculations to improve accuracy 
and subsequently, mine water management. 
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Abstract
This long-term hydrogeochemical research initiative associated with the mine water 
rebound in the former hard coal mining area of the Ruhr District, Germany, aims to 
characterize specific water bodies in the mine water provinces as a major prerequisite 
for a sustainable and controlled rebound process. For the first time, a combined natural 
tracer approach comprises classical major cation/anion species analyses, inorganic 
tracer compounds (Cl–/Br–, Li+,) as well as stable and radiogenic isotope geochemistry 
measurements (δD, δ18O, 87Sr/86Sr). This data based on “geochemical-independent” 
natural tracers aims to build a foundation for a robust integrated risk management 
approach accompanying the rebound process.
Keywords: Mine Water, Hard Coal, Ruhr District, Tracer, Risk Management

Introduction 
After mine closure, mine water management 
associated with mine water rebound 
becomes increasingly difficult due to limited 
access to the underground mine workings. 
Apart from major dewatering stations and 
backup stations as well as a vertical pipe 
network acting as piezometers and methane 
degassing facilities implemented into shafts, 
there remains no direct accessibility to the 
underground mine workings anymore. This  
limited access is a major issue to study 
mine water hydro geochemistry and hydro-
dynamics. For risk management pur poses 
and hence, to ensure a sustainable and 
controlled mine water rebound process, a 
profound monitoring system including a 
detailed hydrochemical assessment of mine 
waters and surrounding aquifers is therefore 
inevitable. It leads to thorough understanding 
of the mine water and regional hydrology and 
builds a foundation for benchmarking and 
modelling. Therefore, it helps to mitigate or 
even overcome this accessibility obstacle 
during the rebound process. 

This research is a continuation of a first 
assessment on mine water hydrogeochemistry 
and regional hydrogeology (Jasnowski-Peters 
& Melchers 2021) as well as former shaft depth 

profiling using a multi probe setup (Henkel & 
Melchers 2017). The major aim was to identify 
useful natural tracers within the mine water 
hydrochemistry, which indentification of 
mine waters and its mixtures from adjacent 
aquifers in the overburden section during 
rebound. Bromide (Br–) has been found so far 
to be able to act as a profound tracer. Mixtures 
of mine water with regional aquifers can’t be 
excluded when mine water level riseto the 
overburden rocks which consist of Upper 
Cretaceous marls and carbonates (Fig.1). 
Here, we extended the evaluation of dissolved 
species within mine waters and adjacent 
aquifers to build a foundation to identify 
various water bodies within the extensive 
mine workings network in the future and 
track them during rebound. The dimensions 
of the mine workings network is about 
5000  km2. In the past, Permian (Zechstein) 
sourced waters and Upper Cretaceous saline 
waters from the regional Cenomanian-
Turonian aquifer situated near the base of the 
overburden rocks already infiltrated Upper 
Carboniferous strata and mixed with hosted 
mine waters. Such candidates of already 
mixed waters need to be identified. In the 
eastern part of the Ruhr District tectonically 
isolated mine water provinces exist adjacent 
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to central ones taking part in the rebound. In 
the isolated mine water provinces, mine water 
rebound has already been accomplished with 
mine waters rising close to the surface. Such 
showcases might act as a natural laboratory 
for the future major rebound.

A case study of water samples from shafts 
and surrounding mine workings of adjacent 
collieries is presented here in order to have a 
closer look, if the bromide (Br–) tracer is still 
valuable for identifying such mixing with 
different formation waters of the overburden 

Figure 1 Generalized cross section of Rhenish Massif to south western Muensterland Basin; Upper 
Carboniferous strata with coal measures gently dipping towards the North, unconformably overlain by Upper 
Cretaceous marls and carbonates; the regional saline aquifer is situated within Cenomanian to Turonian 
fractured carbonates which is overlain by marly to clayish strata of up to 1500m called Emscher Formation. 
Drinking water reservoirs consists of fine calcareous sandstones of Haltern Fm. pinching out close to the river 
Lippe (modified after Hahne & Schmidt 1982).

Figure 2 Overview of mine area concessions (shaded bright green) on a bedrock geological maps highlighting 
the extent of Upper Cretaceous sediments (green); black dots are sampling locations; red rectangle marks area 
of case study in the eastern part of the Ruhr District hardcoal mining area.
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(Fig.2). Further assessment of lithium (Li+) 
and radiogenic strontium isotopes 87Sr/86Sr 
are potential candidates to further distinguish 
mine waters in the subsurface. These tracers 
will be evaluated here qualitatively. 

Lithium (Li+) is a lithophilic element with 
an ionic radius of 0.79 and substitutes scarcely 
for sodium (Na+) in crystal lattices, because 
sodium has a much higher ionic radius of 
0.99. Li+ resembles Br– in that behaviour. 
Li+ does accumulate in residual brines 
during seawater evaporation and hence can 
be regarded as a conservative tracer. The 
concentration range of lithium in formation 
waters is ranged from 0.04 to 400 mg/L and 
generally increased with salinity (Dugamin 
et al. 2021). In comparison, river water and 
seawater exhibit low lithium concentrations 
of <0.1 mg/L and 0.17-0.19 mg/L respectively. 
Lithium can be enriched in the formation 
waters due to water rock interactions. Clays 
and carbonates play a role in exchanging 
lithium to the formation water. Subdivided by 
age, Permian formation waters are indicated 
by very low lithium concentrations compared 
to Upper Carboniferous formation waters, 
which is a good prerequisite to work as a 
distinguishing tracer (Dugamin et al. 2021).

Strontium (Sr) is an alkaline-earth metal 
and known for its trace element behaviour 
in most rocks, sediments and waters (Burke 
et al. 1982; Banner 1995). The divalent 
strontium has a similar ionic radius and 
charge as calcium and therefore, behaves 
similarly to calcium and is a common sub-
stitute. Strontium concentrations are high 
in carbonates (on avg. 600 mg/L), evaporites 
containing gypsum and anhydrite and 
especially aragonitic carbonates with up to 1 
wt. %. Strontium isotopes reported as 87Sr/86Sr 
ratio ranges in Phanerozoic seawater from 
0.7068 to 0.7092 during the Phanerozoic 
(McArthur et al. 2001). A narrower and very 
accurate range of Sr isotopes consists for the 
Late Cretaceous period due to the high density 
of data. Here, Sr isotopes range from 0.7073 
to 0.7076 during Cenomanian to Campanian 
times and up to 0.708 at the C/T boundary 
(Jones et al. 1994). Hydrothermal waters and 
deep basinal brines generally exhibit higher 
strontium isotope concentrations compared 
to Phanerozoic seawater, because of intense 

water-rock interaction, potassium-bearing 
mineral transformations and, therefore, 
higher radiogenic 87Sr contributions derived 
from 87Rb decay. 

Methods 
Hydrogeochemical analyses of major cations 
and anions were conducted by certified lab 
analyses according to DIN ISO 11885 and DIN 
10304- 1 protocols. Trace elements included 
barium, boron, bromide, fluoride, lithium, 
strontium and various transition metals.

Lithium has been measured with higher 
accuracy using an ICP-OES (induc tive 
coupled plasma-optical emission spectro-
scopy) system in axial geometry in the 
hydrogeochemical labs of the Geological 
Survey of North Rhine Westphalia. An already 
HNO3 acidified sample was diluted for the 
appropriate linear concentration range and 
measured in duplicate. Standards of lithium 
solution with a known concentration of 
Li+=1.96 mg/L and internal water standards 
as triplets were added after ten sample 
injections. Accuracy has been determined to 
be < 5µg/L.

87Sr/86Sr ratio was measured with a Ther-
mal Ionisation Mass Spectrometer (TIMS) 
TI-Box (formerly MAT 262; Spec tromat) 
setup at the Ruhr University of Bochum. 
PFA columns filled with TRISKEM Sr ion 
exchange resin (100-150 mesh. Samples were 
evaporated on a hot plate at 90°C, re-dissolved 
in 1 ml of H2O2-HNO3 (1:1;30%:65%) to 
remove organic remains. Samples were again 
evaporated on a hotplate and re-dissolved in 
0.4 ml of 6M HCl, finally re-dissolved in 1 µl 
of ionization-enhancing solution and loaded 
on Re single filaments. Loading, column and 
reagent blanks as follows: <5 pg, <1 ng, and 
<0.01 µg/L.

Results
A more accurate test for chloride to bromide 
ratio as tracer has been conducted using 
water samples taken during depth profiling 
of flooded vertical shafts in isolated mine 
water compartments of the eastern part of the 
mine area. Former degassing and monitoring 
(plumbing) pipes in direct exchange with shaft 
related mine waters have been used for discrete 
depth water sampling. The shaft profiles have 
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been formerly investigated using a multi-
diver-probe setup measuring continuously 
electrical conductivity, temperature, ORP 
and pH in order to identify potential density 
stratifications and convection cells. Cl–/Br– 
ratios of discrete depth water samples with 
known lithostratigraphic correlation have 
been plotted in a log-log plot based on mass 
concentrations (Fig.3). Chloride to bromide 
ratios in the range of 300 to 1000 have been 
recorded in the data. There is a good spread 
of data of higher bromide containing and less 
saline water samples from Upper Cretaceous 
sources with high saline less bromide-rich 
mine water samples. Cl–/Br– ratios of <600 
can be related to formation water signatures 
of the Emscher Formation which makes 
up most of the overburden, whereas mine 
water influenced waters range up to Cl–/
Br– ratios of 1000. Formerly, the boundary 
has been set more conservatively to be Cl–/
Br ratio <450. The sharp boundary of the 
two compartments can be related to former 
density stratifications. A potential outlier 
with a higher Cl–/Br– ratio of >850 might 
be influenced by the Cenomanian-Turonian 
saline aquifer contributions leading to much 
lower bromide concentrations.

Li+ concentration has been compared 
to salinity in Fig.4. In the lower range of 
Li+ concentration, there is a remarkable fit 
(r2=0,996) of mine water samples from the 
major part of the Ruhr District. However, 
in comparison to basinal samples of a 
more northern water province within the 
mine district, Li+ concentrations differ 
considerably. The reason is addition of 
Zechstein based waters in that area which 
lowers the Li+ concentration in the samples 
leading to a much lesser slope in the graph. 

Sr isotopes have been measured for 
various water samples including mine waters, 
shaft related mine waters, Upper Cretaceous 
formation waters, regional Cenomanian 
Turonian aquifer, Muensterland spa and 
Haltern Fm. drinking water reservoir (Fig.5). 
Regarding the shaft depth profiles, Sr isotopes 
reveal a mixing curve of Upper Cretaceous 
sourced waters and Upper Carboniferous 
mine waters. Mine waters from the mine 
water provinces range from 87Sr/86Sr= 0.7095 
to 0.7105 and therefore, have values well 
above the general Phanerozoic seawater 
distribution. A trend in one of the northern 
water provinces indicate a mixing curve of 
Upper Carboniferous hosted mine waters 

Figure 3 Chloride to bromide mass concentrations plotted in a log-log plot; mine water samples from shafts 
and samples from adjacent collieries are compared. The data consists of Upper Cretaceous lithostratigraphic 
horizons (green dots) and Upper Carboniferous hosted mine waters (grey dots).
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with Permian(Zechstein) contributions. Very 
low 87Sr/86Sr signatures down to 0.707 mark 
Permian sourced waters. Hence, mixing of 
Zechstein based waters lead to a lower overall 
ratio of Sr isotopes indicated by a range of 
87Sr/86Sr = 0.7087 to 0.7103. Similar to the 

Li/Cl concentrations, Zechstein based fluid 
signatures are highlighted in the data. 

True mine water samples with no 
admixtures of different formation waters of 
the surrounding strata are well defined with 
Sr isotope signatures of 87Sr/86Sr = 0.710 - 

Figure 4 Lithium (Li+) concentration vs. sodium (Na+) concentration reported for Upper Cretaceous derived 
samples (green dots) and mine waters (grey dots); mine waters have been further subdivided to Permian 
(Zechstein) sourced waters within the data (pink dots); For comparison, deep seated samples from spas in the 
Muensterland Basin have been added (blue dots). 

Figure 5 Strontium isotope (87Sr/86Sr) plotted vs. various groundwaters; data include Upper Carboniferous 
mine waters (grey dots) and Permian(Zechstein) mixed mine waters (pink dots), a shaft profile (dark grey 
dots), Upper Cretaceous sourced waters and Haltern Fm. (“Haltern Sands”) formation waters.
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0.711. Lower Sr isotope values indicate some 
admixtures of either Upper Cretaceous or 
Permian(Zechstein) based fluids as indicated 
in pink and dark grey (Fig.5). The mine shaft 
profile marked with dark grey dots grade from 
a continuous record of Upper Cretaceous 
overburden section to higher contributions 
of Upper Carboniferous sourced “true” mine 
waters. Mine waters in the graph indicated 
within the red rectangle have low electrical 
conductivities and show minor contributions 
from overburden sourced waters.

Conclusions
A useful addition of lithium concentrations 
and strontium isotopes as natural tracers to 
build up a tracer inventory for hydrogeo-
chemical monitoring has been evaluated. 
The already tested chloride to bromide ratio 
as a useful tracer to distinguish mine water 
brines from saline aquifers has been further 
evaluated on shaft depth profiles, where 
mine water rebound has already taken 
place. The ratio that marks the boundary 
between Upper Cretaceous sourced waters 
from Emscher Fm. vs. mine waters had a 
better precision with Cl–/Br– ratios of <600 
compared to previous data. The chloride 
to bromide ratio was successfully tested 
to distinguish formation waters from the 
Emscher Forma tion compared to mine waters 
due to a sharp boundary. Similar sulphide 
oxidation processes for mine waters were 
recognized in the Emscher formation. This 
might lead to a sulfate rich formation water 
which could result in false positive alarms 
associated with the monitoring scheme. 
Bromide tracer might elucidate such cases 
and mitigate false positive alarms. Lithium 
as a cation behaves similarly to bromide and 
can be used from very dilute samples up to 
brine type waters to type mine waters. In the 
case of mine waters, lithium has a remarkable 
linear correlation coefficient comparing it 
to sodium cations, i.e. salinity. Strontium 
isotopes as a well known tracer for numerous 
hydrological studies have proven a valuable 
addition to the tracer mix. For the Upper 
Cretaceous, the existing record on strontium 
isotope signatures is very high and makes 

up the basis for very accurate use of this 
tracer – even within the Upper Cretaceous 
sedimentary column hosted formation 
waters. Strontium isotopes have been 
successfully tested to indicate contributions 
from Permian and Upper Cretaceous 
groundwater admixtures. Even within the 
mine water provinces, slight differences 
account for a fingerprint of mine waters 
from certain provinces. The evaluation will 
continue to apply sophisticated statistical 
tools in order to better quantify the various 
groundwater origins in the future.
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Abstract
Abandoned metals mines play a significant role in the contamination of water ways in 
Wales. Previous work has shown that dosing with sodium carbonate is an effective, low 
cost, low input treatment for circum-neutral mine drainage with elevated levels of Zn 
and Pb. The primary aims of this study were to (1) trial sodium carbonate dosing using a 
range of mine waters across Wales with differing chemistry to assess its applicability and 
(2) provide an estimate of the quantity of Zn that could be recovered and the potential 
contribution to the circular economy.
Keywords: Carbonate dosing, Zinc, Circular Economy
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Introduction 
The effect of mine drainage plays a major 
role on the quality of water bodies across the 
globe, impacting thousands of kilometres 
of rivers worldwide (Johnson and Hallberg, 
2005). In England over 1500 km of rivers are 
polluted from mine discharge (Johnston et 
al., 2008) and 700 km of rivers in Wales are 
failing water quality standards due to high 
levels of dissolved metals such as zinc, lead 
and cadmium due to inputs from former 
metal mining areas (Robson and Neal, 
1997; Rees et al., 1998; Neal et al., 2000; 
Environment Agency, 2002; Coal Authority, 
2020). Zn has been reported to be the most 
common contaminant from metal mine 
discharges in England and Wales (Jarvis, 
Gandy and Gray, 2012). Elevated levels of 
ecotoxic Zn in water bodies can have highly 
detrimental effects on ecosystems, causing 
a reduction in abundance and diversity of 
biota and damaging ecosystem functions 
such as productivity and nutrient cycling 
(Younger and Wolkersdorfer, 2004). Due 
to its environmental persistence, solubility, 
mobility, toxicity and bioaccumulation 
potential, Zn is ranked as one of the most 
hazardous and common, metal pollutants 
(Ali, Khan and Ilahi, 2019). For waterways 
to meet water quality standards, it is vital 
that research into the remediation of metal 
mine water pollution continues; to protect 

aquatic organisms and deliver economic and 
environmental benefits to local communities. 

The treatment of Zn rich mine drainage is 
well established (Johnson and Hallberg, 2005; 
Skousen, 2014; Skousen et al., 2017); using 
techniques such as chemical dosing with 
NaOH, CaO/Ca(OH)2,  Na2S (Machemer 
and Wildeman, 1992; Olds et al., 2013; 
Mackie and Walsh, 2015; Carranza et al., 
2016; Jacob, Save and Menard, 2018; Kaur 
et al., 2018; Kennedy and Arias-Paić, 2020; 
Williams et al., 2020; Vecino et al., 2021), 
adsorption (Ríos, Williams and Roberts, 
2008; Pinto, Al-Abed and Reisman, 2011; 
Warrender et al., 2011; Sartz and Bäckström, 
2013; Mashangwa, Tekere and Sibanda, 
2017; Zendelska et al., 2019; Calugaru et al., 
2020; Richard, Neculita and Zagury, 2021), 
coprecipitation (Sibrell et al., 2007; Mayes, 
Potter and Jarvis, 2009; Miller, Wildeman 
and Figueroa, 2013; Sapsford et al., 2015), 
electrocoagulation (Nariyan, Sillanpää and 
Wolkersdorfer, 2017; Singh and Mishra, 
2017), ion exchange (Wingenfelder et al., 
2005; Dlamini et al., 2019), sulphate reducing 
bacteria (Zagury, Kulnieks and Neculita, 
2006; Gandy and Jarvis, 2012; Sobolewski  
et al., 2022) and passive constructed wetlands 
(Song et al., 2001; Dean et al., 2022). However, 
there are several drawbacks and trade-offs 
associated with these different treatment 
methods, including low removal efficiencies, 
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Table 1 Mine drainage chemistry from chosen study sites*

Site pH Alkalinity
mgL-1 as CaCO3

Zinc
mgL-1

Iron
mgL-1

Estimated flow 
Ls-1

Minera- Deep Day Level 7.4 29.4 0.94 0.23 50

Pengwern (Llangynog) 7.4 35 1.98 N/A 15

Cwmystwyth- Pugh’s 6.6 14 20.6 0.40 9.6

Cwmystwyth- Gill’s 6.5 2.5 (<5) 4.2 0.03 3.2

Frongoch Adit 7.0 13 12.9 0.03 17

Frongoch attenuation pond 5.1 2.5 (<5) 76.6 0.03 6

Cwm Rheidol- No.6 3.7 2.5 (<5) 12.1 3.4 8.3

Cwm Rheidol- No.9 2.8 2.5 (<5) 78 84 0.6

Level Fawr  7.3 2.5 (<5) 1.012 0.03 21

Nant y Mwyn- Lower Boat 5.8 76 4.2 N/A 51

Nant y Mwyn- Pannau Adit 7.2 76 11 N/A 3

Abbey Consols 6.6 24 16 N/A 3

*Contains Natural Resources Wales information © Natural Resources Wales and database right. All rights reserved.

high operational costs and initial capital 
investment, large land area requirements 
and risks associated with using hazardous 
chemicals. Another consideration is that mine 
water chemistry is very variable and it can be 
difficult to apply the same treatment method 
to a range of mine sites. The benefits however 
of using a single mine water treatment system 
include lower costs associated with procuring 
chemicals, less extensive knowledge needed 
of different mine water treatment systems and 
the need for one type of sludge management 
procedure.

Dosing with sodium carbonate has been 
shown to be an effective reagent for the 
precipitation of metals from a range of waste 
effluents (Gandy and Jarvis, 2012; Sartz and 
Bäckström, 2013; Xanthopoulos et al., 2017) 
exhibiting some significant benefits. A study 
conducted by Chen et al. examined several 
chrmicals including lime, sodium carbonate 
and sodium sulphide were examined for 
Zn removal from synthetic solutions (Chen  
et al., 2018). Sodium carbonate was found to 
offer the highest Zn removal rate (99.96%) 
whilst operating at pH 9, compared to pH 
11.7 and 10.6 for lime and sodium sulphide. 
Previous work conducted by the authors and 
industrial partners has shown that Na2CO3 
is an effective reagent for the precipitation of 
Zn from a Zn rich circum-neutral mine water 
(Abbey Consols), achieving 94% zinc removal 
in laboratory trials and 58%-91% Zn removal 
in a field study (Williams et al., 2020; Dean, 
Alkhazraji and Sapsford, 2021). The primary 

aims of this study were to (1) trial sodium 
carbonate dosing using a range of mine 
waters across Wales with differing chemistry 
to assess its applicability and (2) provide an 
estimate of the quantity of Zn that could be 
recovered and the potential contribution to 
the circular economy.

Methods
Study sites and mine water chemistry
Mine drainage data was obtained from 
Natural Resources Wales (NRW) archives 
and study sites were chosen based on pH, 
alkalinity and metal contamination levels 
ensuring that a range of different mine water 
chemistries were included from across Wales. 
A summary of the mine water chemistry for 
the chosen sites is shown in Table 1. 

On site mine water chemistry data  
collection
On-site data including temperature, electrical 
conductivity (EC), pH, dissolved oxygen 
(DO) were measured using was collected 
using a field calibrated Hanna meter and 
alkalinity was measured on site using Hach 
Digital Titrator, method number 8203.

Na2CO3 Dosing
The dosing experiments were conducted 
on-site since mine water is unstable due to 
reactions with air and/or degassing (Barnes 
and Romberger, 1968; Geroni, Sapsford 
and Florence, 2011). On-site jar tests using 
a range of Na2CO3 dosages (ca. 0.1:1 – 28:1 



IMWA 2022 – "Reconnect"

177Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

CO3:Zn molar ratios) were conducted 
to assess the effectiveness of Na2CO3 
dosing for the removal Zn and other metal 
contaminants (As, Pb, Cd).The treated and 
untreated samples (20 mL) were filtered using 
0.2μm syringe filters and preserved using 0.1 
mL 10% nitric acid and metal concentrations 
were measured using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS).

Results and Discussion
Na2CO3 dosing was trialled on several 
selected sites across Wales for the removal 
of Zn and other metal contaminants. Out of 
the 12 sites studied, 11 achieved >95% Zn 
removal. However, Na2CO3 dose required 
to achieve these levels varied significantly 
between sites, the final pH after dosing varied 
between 7.28 and 10.46.  

The data obtained from the field campaign 
was used to estimate Zn removal and potential 
Zn recovery per year for each site. 

Table 2 shows that if Na2CO3 dosing was 
employed at the 11 sites where Zn removal 
was >95%, over 100,000 kg Zn could be 
prevented from entering Welsh water bodies 
each year. A cost estimate for the required 
quantity of Na2CO3 could be calculated 
based on the required dosages that were 
obtained from the field trials. Reagent costs 
for the treatment outlined in Table 2 can be 
estimated at £700k/year.

Table 2 Potential Zn recovery and reagent per year for selected sites

Site Estimated mass of Zn removed per year 
Kg per year

Estimated cost of Na2CO3 required per 
year

£ per year

Minera- Deep Day Level 637 41456

Pengwern (Llangynog) 2053 26512

Cwm Ystwyth- Pugh’s 9639 39930

Cwm Ystwyth- Gill’s 868 13086

Frongoch Adit 9607 41977

Frongoch attenuation pond 38146 141060

Cwm Rheidol- No.6 13462 19097

Cwm Rheidol- No.9 989 4514

Level Fawr  1005 20645

Nant y Mwyn- Lower Boat 23787 882508

Nant y Mwyn- Pannau Adit 539 2262

Abbey Consols 1026 4803

Total 101758 709402

*Price Na2CO3 ca. £200/tn (July 2022)

The current price of Zn metal is £3672/
tonne. Thus, if Zn could be recovered from 
the sludge (e.g. by acid dissolution and 
electrowinning) then the recovery of the Zn 
might be sufficient to partly offset the reagent 
costs. An advantage of treating multiple sites 
with the same treatment is that the amount of 
sludge generated would be more attractive for 
potential Zn recyclers. As a circular economy 
proposition, not only would carbonate dosing 
zinc treat the metal mine water pollution, 
contributing substantial value in ecological 
restoration, but if recovered would cycle 
this Zn (which would have otherwise been 
lost) back to the economy, provide a modest 
revenue stream to offset the reagent costs and 
avoid landfill and associated costs.   

In conclusion this study has shown 
that Na2CO3 can be used to treat a range of 
different Zn-bearing mine waters in Wales. 
In addition, widespread implementation 
of Na2CO3 dosing has the potential to 
prevent over 100,000 kg of Zn from entering 
Welsh rivers per year and potentially opens 
interesting opportunities for zinc recovery.
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Abstract
Mineral solubility is widely recognised as a control on environmental release of 
dissolved arsenic. Thermodynamic modelling indicates that most arsenic minerals are 
readily soluble when exposed to surface waters. However, field observations and actual 
measurements demonstrate that in some environments, these thermodynamically 
predicted solubilities are overestimated. This study compiles empirical observations 
made on several arsenic minerals across a range of sites in New Zealand.  These 
observations were made on natural settings and at mine sites and cover a range of time 
scales, from months in the case of kinetic leach tests, decades in historic mine wastes, to 
millions of years in natural settings.   

We have observed widespread arsenopyrite (FeAsS) in oxic settings, despite it being 
thermodynamically unstable in oxygenated environments. In each case, the arsenopy-
rite has a coating of As-bearing Fe-oxyhydroxide and/or scorodite (FeAsO4.2H2O). Fur-
ther, scorodite is theoretically highly soluble under circumneutral-alkaline conditions, 
but secondary scorodite, kankite (FeAsO4.3.5H2O) and bukovskyite (Fe2(AsO4)(SO4)
(OH).7H2O) can remain essentially unaffected by rain and surface water runoff, with 
minor local mobilisation and recrystallization.

Arsenolite (As2O3) is generally regarded as highly soluble; solubility studies show 
that arsenolite dissolution can yield 12 g/L dissolved As. Our empirical observations 
have seen a maximum of “only” 0.3 mg/L dissolved As in saturated historic mine tailings 
and arsenolite has remained largely intact for 80 years. In a lab experiment to simulate 
arsenopyrite dissolution in waste rock with monthly water inundation, dissolved As lev-
els reached 16mg/L and an arsenolite coating formed on the arsenopyrite surface which 
persisted after subsequent inundations.

We find that the processes and physical parameters that control the dissolution rates 
of arsenic minerals are complex; and grain size, surface area, secondary mineral ar-
mouring and subsequent encapsulation are important factors. Our observations pro-
vide some context for further research of dissolution rates of arsenic mineral solubilities.  
Keywords: Arsenic, Dissolution rates, Solubility, Arsenopyrite, Scorodite, Arsenolite.
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Introduction 
Most arsenic minerals are predicted to 
be readily soluble in surface waters by 
thermodynamic modelling. However, actual 
measurements at mine sites suggest that the 
thermodynamically predicted solubilities 
overestimate the likely dissolved arsenic 
levels in associated waters. Dissolution rates 
of arsenic minerals are limited by exposed 
surface areas and grain sizes. These dissolution 
rates are further hindered by development of 
secondary mineral armouring and associated 

encapsulation. We have compiled empirical 
observations on a range of common arsenic 
minerals occurring in both natural and 
mine-related settings in New Zealand, and on 
timescales ranging from months to millions 
of years, to provide some context for further 
research and quantification of dissolution 
rates (Figure 1).

Methods
Arsenic mineral phases were identified with 
standard incident and transmitted light 
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Figure 1 (a) Location of study sites and regional geological setting. (b) Summary Eh-pH diagram (compiled 
from Geochemists Workbench and Vink 1996; partly modified from Craw and Kerr 2017) showing the 
predicted relationships of As minerals based on thermodynamic modelling. (c-d) Examples of minimally 
altered detrital arsenopyrite in oxic conditions. (c) Euhedral arsenopyrite crystal surrounded by scorodite 
(blue) and Fe oxydroxide (brown) in ca. 80-year-old mine wastes. (d) Tarnished detrital arsenopyrite from 
Pliocene-age gravels in a placer mine, Southland. (e) Kankite (green, centre) on surface of ca. 100-year-old 
tailings, pH 8; Bullendale historic gold mine, Shotover.

 

microscopy and X-ray diffraction (XRD). 
XRD analysis was performed on a PANalytical 
X’Pert Pro MPD PW3040/60 diffractometer 
housed in the Geology Department, 
University of Otago. High Score Plus and 
ICDD PDF-4 software packages were used 
for phase identification. Further detailed 
characterisation of solid materials utilised 
a Zeiss Sigma VP (variable pressure) SEM 

fitted with a HKL INCA Premium Synergy 
Integrated EDX system at the Otago Centre 
for Electron Microscopy (OCEM), University 
of Otago. Samples were mounted into epoxy 
blocks or on pin stubs and carbon-coated prior 
to examination. Due to the inhomogeneous 
nature of the samples, and irregular surfaces, 
analyses of As is semiquantitative, with a 
detection limit of ≈0.5 wt%. 
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Laboratory studies of arsenic dissolution 
rates were conducted using a leach column 
containing arsenopyrite rich ore collected 
from a modern mine site near Reefton, West 
Coast. The leachate was filtered and analysed 
using ICP-MS at Hill Laboratories, Hamilton 
to determine dissolved metal concentrations. 
Encrustations of fine-grained crystalline 
material developed on the surfaces of the 
arsenopyrite-rich ore fragments. After 6 
months, samples were examined using the 
SEM. The morphologies and compositions 
of crystals were determined, and the textures 
of the original rock fragment surfaces were 
examined in detail to detect evidence for 
dissolution.

Arsenopyrite and scorodite
Arsenopyrite (FeAsS) is thermodynamically 
unstable in any oxygenated environment, but 
arsenopyrite is widespread in 5–20-million-
year-old oxic settings, in supergene oxide 
zones of orogenic mines, in placer gold 
deposits, and in historic mine processing 
wastes (Fig 1c-d, Fig 2; Craw 2017; Kerr et al 
2018). The arsenopyrite ranges from almost 
completely oxidised to minimally altered 
(Fig 1c-d, Fig 2a-b). Minimally altered 
arsenopyrite is frequently observed to have 
a coating of As-bearing Fe-oxyhydroxide, 
scorodite (Fig 2a) or kankite (Fig 2b) which 
likely has an ‘armouring’ effect limiting 
further dissolution. 

Figure 2 Arsenopyrite in ca. 80 year old mine wastes, West Coast, New Zealand. (a) Partially weathered 
primary arsenopyrite crystal (bright white) with wide scorodite rim. Lighter grey grains (i.e. centre left) are 
HFO/hematite with < 2 % As. Dark grey grains are quartz. (b) Well-preserved primary arsenopyrite crystal 
(white) and ≈ 5 µm kankite rim. 

 

Scorodite (FeAsO4.2H2O) is theoretically 
highly soluble under circumneutral-alkaline 
conditions, but secondary scorodite coatings 
and veins in 80–100-year-old mine wastes 
exposed to the high-rainfall environment 
of the West Coast remain intact with little 
discernible dissolved As downstream (Fig 
1c, Fig 3; Haffert and Craw 2008). Similarly, 
at sites in the Otago region, surface kankite 
(FeAsO4.3.5H2O) and bukovskyite (Fe2(AsO4)
(SO4)(OH).7H2O) appear unaffected by rain 
and surface water runoff, with only minor 
local mobilisation and recrystallization 
despite the neutral to alkaline conditions 
of the wider environment (Fig 1e, Fig 3a-b, 
Haffert and Craw 2010; Haffert, Craw & Pope 
2010; Kerr & Craw 2021a).

At Waiuta, West Coast, some of that local 
remobilisation leads to precipitation of realgar 
and related As sulfides, limiting dissolved As 
release to the wider environment (Fig 3c-d; 
Kerr et al 2018; Kerr & Craw 2021b). These 
As sulfides form under reducing conditions 
(Figure 1b) yet are visible on exposed surfaces 
(Fig 3c-d). The presence of organic matter, 
and water saturated conditions, have created 
reductive microenvironments and facilitated 
the precipitation of these rare secondary 
arsenic minerals (Kerr et al, 2018).  The As 
sulfides are closely associated with other 
arsenic phases (Fig 3c) and replacement and/
or cycling between the phases may occur as 
environmental conditions fluctuate.
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Figure 3 Arsenic phases observed in historic mine wastes, in Otago and the West Coast. (a) Mine processing 
residues at Golden Point historic site with cemented bukovskyite/scorodite residues (brown) on the right. 
(b) As-S-Fe ternary diagram showing the typical mineral phases present in the Golden Point cements. (c) 
Mine processing residues at Waiuta showing primary sulfides, intermediate scorodite and realgar and the 
most oxidised material at the top (Fe oxyhydroxides). (d) Close-up view of secondary arsenic sulfide forming 
on discarded wooden framing. (e) As-S-Fe ternary diagram showing the typical mineral phases present at 
Waiuta. (Modified from Kerr & Craw 2021a and Kerr & Craw 2021b).

 

Arsenolite
The most extreme examples of differences 
between thermodynamic predictions and 
empirical observations relates to arsenolite 
(As2O3). Arsenolite is theoretically highly 
soluble (≈12g/L, Vink 1996), yet at Waiuta 
arsenolite-bearing mine wastes lying on open 
ground in a wet climate (>2000mm rain/
year) have survived for 80 years with only 
partial alteration (Fig 4a-c; Kerr and Craw 
2021b). At the same site, bulk arsenolite piles, 
formed during roasting of ore and somewhat 
sheltered by the historic cyanide tanks, have 
remained intact (Fig 4d).  Arsenic levels in this 
material are up to 60 wt% and appear to have 
undergone little remobilisation, apart from 
surface disturbance by sheltering animals 
that mistakenly chewed their bedsheets (Fig 
4e; Kerr and Craw 2021b).

Laboratory-based leach column studies 
yielded ~16 mg/L dissolved As (Kerr et al 
2015) yet empirical observations have seen a 
maximum of “only” 0.35 mg/L dissolved As 

at the Waiuta site (Haffert and Craw 2008). 
The leach column experiments simulated 
arsenopyrite dissolution in Reefton ore rock 
with monthly water inundation. Over six 
months, arsenolite formed a coating on the 
arsenopyrite surface (Kerr et al 2015; Fig 
4f). This ‘armouring’ effect likely limited 
further arsenopyrite dissolution and, despite 
its high solubility, the arsenolite persisted 
after subsequent inundations.  In the field, 
and over longer timescales, dissolved As 
is further limited by the formation of iron 
arsenates and iron oxyhydroxides either by 
total replacement or as a protective rim or 
cement (Fig 1e, 2a, 3a,c). 

Conclusions
We find that the processes and physical 
parameters that control the dissolution 
rates of arsenic minerals are complex; and 
grain size, surface area, secondary mineral 
armouring and subsequent encapsulation 
are important factors. Additionally, highly 
localised conditions can control As dissolution 
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Figure 4 Examples of arsenolite in historic mine waste and leaching experiments. (a-c) Detrital arsenolite 
crystals at the West Coast site showing varying levels of alteration. (a) Large unaltered arsenolite grain with 
quartz/scorodite grains (centre left). (b) Arsenolite grain with minor As-Mg-Si-O rim. (c) Altered arsenolite 
grain (light grey) with smaller arsenolite grains (bright white). (d) Cyanide tank with bulk arsenolite material 
beneath. (e) Remains of several possums and weka beneath the cyanide tank where highest As levels were 
recorded on site. (f) Arsenolite (As) and iron sulfates (Fe) obscuring primary arsenopyrite in leaching column 
experiments. 

 

rates and these microenvironments are 
not necessarily representative of the wider 
environmental conditions of a site. Our 
empirical observations across several sites, 
which represent a range of environments and 
timescales, suggest that thermodynamically 

predicted solubilities are overestimated, and 
that certain arsenic minerals can persist for 
far longer than expected. Our observations 
provide some context for further research 
of dissolution rates of arsenic mineral 
solubilities.  
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Abstract
Passive technologies were originally developed to treat small flows of mine water 
with low to moderate acidity and metal loadings. Semi-passive adaptations, such as 
occasionally adding amendments to enhance treatment processes, have allowed their 
use at a greater variety of mine sites. This paper addresses the largely unwritten history 
of semi-passive water treatment and how it will continue to evolve. We examine factors 
to consider when making decisions between active, passive, and semi-passive treatment 
systems, and how such decisions are often based on the personal experience of the 
decision-making individuals rather than aspects such as water chemistry and flow. 
Keywords: ???
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Introduction 
Those of us who were involved in the early 
development of passive treatment of mine 
water never imagined that it would one day 
be used to treat large flows or employed at 
active mining operations (Kleinmann et al. 
2021). Our initial intent in developing natural 
or “passive” systems was simply to develop a 
low-cost, low-maintenance technology that 
could be used to mitigate small flows (a few 
L/min) of mildly acidic seeps at abandoned 
coal mines that otherwise would flow 
completely untreated into receiving streams 
and rivers. Success prompted efforts to apply 
this technology at metal mines (Wildeman et 
al. 1990; Sobolewski et al. 1995), and within 
25 years, passive treatment technologies, 
including aerobic and anaerobic bacterially-
dependent systems, neutralization by 
limestone, and contaminant removal by 
adsorption and co-precipitation, were being 
used at thousands of active and abandoned 
mine sites around the world. Now, 40 years 
after that early work, passive and semi-passive 
systems are treating flows that can exceed 
200 L/s and are being employed at arctic and 
high-altitude mines (Strachotta et al. 2009; 
Ness et al. 2014; Lewis-Russ et al. 2022). This 

paper briefly summarizes how semi-passive 
treatment developed over time and how it is 
likely to continue to evolve. 

Active treatment comprises all mine 
water technologies that rely on controlled 
addition of chemicals and/or depend on 
machinery, such as pumps, mixers, reaction 
tanks, multimedia filters, and clarifiers to 
manage flows, chemical mixing, aeration, 
and sludge handling, and therefore require 
consistent oversight, adjustment, and 
maintenance. Conventional active treatment 
methods typically involve neutralization 
of acidity by the addition of an alkaline 
chemical (such as lime), oxidation of ferrous 
iron, and precipitation of contaminant 
compounds in a clarifier or settling pond. 
Other technologies considered to be active 
treatment include membrane filtration-
based methods (e.g. nanofiltration or reverse 
osmosis), ion-exchange, electrocoagulation, 
and other electrochemical approaches. Active 
treatment can range from simple mechanical 
water aeration to a complex reverse osmosis 
treatment plant.

The early history of passive treatment has 
already been discussed (Skousen et al. 2017; 
Kleinmann et al. 2021). Passive treatment 
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is defined as systems that rely on natural 
ameliorative processes that are facilitated by 
providing an appropriate environment for 
those processes, which include limestone 
dissolution, aerobic oxidation of iron and 
manganese (catalyzed by bacteria), anaerobic 
reduction of iron, selenium, nitrate, and 
sulfur (again, catalyzed by bacteria), 
precipitation of metals as sulfide minerals, 
settling of precipitated contaminants, and 
various adsorption, co-precipitation, and 
ion exchange reactions. Ideally, passive 
treatment requires no grid energy power, 
no chemical additions after construction, 
and only occasional or periodic oversight 
and maintenance. However, passive 
treatment requires a  larger footprint than 
active treatment and is less suitable at sites 
with limited land availability or where 
topography make the construction of 
passive systems challenging or impossible. 
Somewhat less obvious problems, such as 
high seasonal variability of flow, contaminant 
concentrations, and water temperatures also 
prove problematic.

The definition of semi-passive treatment 
is still evolving, but generally lies somewhere 
between the other two definitions stated 
above. Gradually, practitioners expanded the 
use of semi-passive treatment technologies, 
incorporating the periodic or episodic 
addition of amendments and chemicals using 
approaches that did not require complex 
machinery, as well as remotely monitored 
and operated and/or passively-activated 
controls. Critically, these systems continue 
to rely on gravity flow and on the infrequent 
management of accumulating metal residue 
(e.g. sludges). Today, as long as systems can 
operate well without consistent oversight 
and maintenance, they are considered semi-
passive. The inherent advantages of these 
innovations, which expand and overlap the 
traditional boundaries of active and passive 
treatment, have greatly extended what 
passive systems can accomplish and suggest 
that semi-passive systems will likely be used 
at more and more sites in the future.

Examples of Semi-Passive Treatment 
Periodic Addition of Limestone or Lime
One of the simplest examples of a semi-
passive approach is the strategically-placed, 
periodic addition of large quantities of fine-
grained limestone within streambeds of a 
contaminated watershed. This approach 
meets the semi-passive definition because 
it does not require continual additions 
of chemical (only occasional or seasonal 
additions). Limestone sand can be added 
up-gradient of the contamination (watershed 
liming) or directly into an acidic stream. 
With watershed liming, the limestone reacts 
with rain and snowmelt water in the stream. 
However, the amount of alkalinity added by 
the sand is limited by limestone solubility 
and  generally the low acidity of the water. 
Watershed liming has a higher short-term cost 
than the in-stream limestone sand method, 
though long-term cost benefits are most likely 
equivalent (Sharpe 2017). Given the objective 
of neutralizing acidic mine water, limestone 
sand is normally added during base flow 
conditions. During storm flow, the limestone 
is then transported downstream where it 
is incorporated into the stream sediment, 
resuspended, and dissolves to add alkalinity. 
This approach is very simple and has been 
used to treat many acidic streams (Clayton et 
al. 1998; Brown 2005; Simmons et al. 2006).

Zurbuch (1963) used a water-powered 
rotating drum to add alkalinity to the 
acidic Otter Creek (WV, USA), correctly 
anticipating that the continuous movement 
of the limestone would prevent buildup of 
gypsum and iron precipitates that would 
slow neutralization. Limestone was added as 
needed. Various versions of water-powered 
rotating limestone drums have since been 
implemented (Clayton et al. 2015; Skousen 
et al. 1996; Zurbuch 1996). Their principal 
disadvantage is that much of the limestone 
enters the stream largely unreacted, though 
it continues to contribute alkalinity to the 
water, especially during higher flows when 
the river substrates are resuspended. 
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Meanwhile, researchers in Sweden 
developed alternative approaches like 
limestone dosers and diversion wells to 
treat streams adversely affected by acid rain 
(Tideström and Moberg 1984; Lessmark 
and Thörnelöf 1986). These were adapted to 
treat acidic mine water in the USA (Arnold 
1991, 1998; Coberly and Rice 2000; Watten 
et al. 2005). Diversion wells are cylindrical 
structures in which a split of the contaminated 
stream water flows upward through a bed 
of limestone gravel at a velocity capable of 
fluidizing the limestone. The churning action 
grinds the limestone into finer particles, 
which in part reacts with the acid and in part is 
carried into the stream, where it can continue 
to dissolve and add alkalinity. This typically 
means that the limestone must be replenished 
fairly often, so limestone dosers now typically 
come with silos (info@limedoser.com). 

A similar water-powered device was 
developed to dispense pebble quicklime 
(CaO) (Jenkins and Skousen 1993). The 
Aquafix machine uses a flow of water from 
the stream or AMD outlet to turn a small 
wheel that turns an auger in the bottom of 
the hopper to dispense the chemical. Gears 
can be changed to match the amount needed 
for treatment. The advantage of the Aquafix 
is that it operates whenever water flows and 
ceases when there is no flow. Aquafix also 
equips their units with a silo to reduce the 
need for frequent chemical delivery, typically 
to once a month or less (www.aquafix.com). 
It has been installed at many sites and has a 
good success record.

Flushing of Contaminant Precipitates 
A problem that developed in anoxic limestone 
drains (ALDs) and vertical flow reactors 
(VFRs) is that these systems sometimes 
become clogged with aluminum precipitates. 
Skousen et al. (1998) described manually 
flushing ALDs on a monthly or semi-monthly 
basis to reduce clogging, but this approach 
became moot when automatic passive 
flushing mechanisms were developed (Vinci 
and Schmidt 2001; Hedin Environmental 
2008). However, flushing only removes some 
of the precipitated metals, so these systems 

gradually lose effectiveness and efficiency 
(Skousen et al. 2017). To combat this, the 
limestone can be inexpensively cleaned by 
agitating the limestone in a flowing stream 
with an excavator (Hedin Environmental 
2008; Wolfe et al. 2010).

Adaptations for Cold Water Temperatures
Since almost all biological reactions are 
influenced by temperature, biologically-
mediated passive systems commonly 
become less effective at near-freezing 
temperatures. However, chemicals and 
nutritional supplements can be added to aid 
microbial growth and activity. For example, 
at the underground Tulsequah Chief Mine 
in northern British Columbia, a two-stage 
passive system was developed to treat the 
acidic, metal-laden drainage. The system 
was designed to achieve pH neutralization 
using limestone and metal removal by sulfide 
precipitation (Marsland et al. 2010). A pilot-
scale campaign showed that the ambient 
water temperature (6.7°C) was too low to 
sustain adequate sulfide production by 
sulfate-reducing bacteria (SRB), so ethylene 
glycol (EG, an organic carbon source) was 
added to stimulate SRB activity using a 
battery-operated drip-feed system. The EG 
dosage was adjusted to attain the targeted 
internal dissolved sulfide concentrations and 
effluent metal concentrations. The annual 
cost of EG addition totaled less than $10,000, 
a very low cost for the effective removal of 
metals it provided.

Accessible In Situ Monitoring Capabilities 
and Flow Control Measures
A new development that moves a traditional 
passive system into the semi-passive category 
is the installation of sensors, which provides 
the ability to detect changes in flows and water 
chemistry during system operation. This is 
particularly critical when flows drastically 
change during high precipitation events and 
rapid spring snowmelt, and when systems are 
hard to access during these climate events. 
The Rico-Argentine Demonstration wetlands 
illustrates this approach. This system used 
parallel vertical and horizontal flow wetlands 
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to treat water from an abandoned mine at 
high altitude (2700 m above mean sea level) 
in the Colorado Rockies (Lewis-Russ et al. 
2022). The water was alkaline throughout the 
year, except for a brief period in late spring, 
when snowmelt mobilized acidic products 
from underground workings. This decreased 
the pH and increased flows and metal loading, 
and it was critical to understand the effect of 
these changes on treatment performance. 
To that end, several sensors were installed 
at key locations throughout the treatment 
wetland to accurately document ambient 
conditions within the system. The improved 
understanding of system performance led to 
the implementation of operational changes, 
such as increasing water elevation, which 
improved system performance. It was also 
used to guide sampling so that the spring 
freshet could be captured at its onset. 

Factors to Consider when Making 
Decisions Between Active, Passive, 
and Semi-Passive Mine Water Treat-
ment Systems
The Obvious: Regulatory Requirements, 
Land Availability, Cost Effectiveness, Flow, 
Contaminant Concentrations, Seasonal 
Variability

Early in the development of passive 
systems, the quality of water exiting these 
systems was difficult to predict because of 
the limited amount of data and experience 
with treatment process effectiveness. For 
abandoned mine lands where no effluent 
limits were established or assigned, any 
treatment with a passive system was seen 
as beneficial and desirable. At active sites, 
regulators were reluctant to approve passive 
systems because meeting National Pollutant 
Discharge Elemination System (NPDES) 
limits was unreliable and unpredictable; 
hence chemical treatment was deemed 
necessary. Semi-passive systems can remove 
some of this uncertainty with flow and 
chemistry monitoring. 

Certain contaminants are far more 
amenable to biological treatment, such as 
nitrogenous compounds. At gold mines, 
ammonia, cyanide derivatives, and nitrate are 

effectively removed by biological processes, 
such as treatment wetlands and bioreactors, 
though the decision to use passive vs. active 
treatment depends on available land and 
incoming concentrations. At the Antamina 
mine site in Peru, the low levels of TSS, 
nitrate, and zinc, combined with the high 
flows from the North Tucush dump, were 
ideal for passive treatment (Strachotta et al. 
2009). 

Selenium is best removed by biological 
processes, though membrane filtration and 
chemical treatment may also be considered. 
Teck Coal has built saturated rock fills by 
filling empty pits with rock and applying 
water containing nitrate and selenium dosed 
with liquid organic carbon (Klein et al. 2019). 
The original full-scale semi-passive system 
treated flows of 833 m3/h (3,670 gpm) and is 
being expanded to treat flows of 1,980 m3/h 
(8,700 gpm). The amortized cost is reported 
to be half to one-third what an active mine 
water treatment plant would have cost.

In general, passive and semi-passive 
treatment systems are very attractive mine 
closure options if the appropriate land is 
available and if they will operate consistently 
with minimal assistance and at low cost. This 
is especially true now that it is possible to 
remotely monitor a site. In general, mining 
companies would prefer to send a contractor 
to periodically sample, inspect, and maintain 
a semi-powered treatment system than to 
staff and operate an active treatment plant. 

The Environmental Benefits of Passive 
and Semi-passive Treatment Systems
The creation of lime from limestone produces 
large amounts of carbon dioxide, as does 
transportation of the lime to the mine site. 
In contrast, dissolution of limestone in 
acidic mine water creates bicarbonate, a 
natural chemical buffer. In addition, passive 
treatment systems such as wetlands host a 
thriving biota that incorporate carbon dioxide 
to create plant tissue. With large wetlands 
(>10 ha) increasingly being constructed 
at mine closure, and with the promotion/
enhancement of biodiversity increasingly 
becoming an objective of corporate policy 
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(Sobolewski and Sobolewski 2022), passive 
and semi-passive systems have the potential 
to be sinks for atmospheric carbon dioxide.

The Personal Experience of the Mining 
Company, Their Consultants, and  
Regulators
Positive (expertise and experience with 
successful passive and semi-passive systems) 
and negative (unsuccessful experiences 
with passive and semi-passive systems) can 
bias a mine operator or regulator against 
using a passive or semi-passive approach. 
For example, Placer Dome had successfully 
removed ammonia and cyanide complexes 
from mine water in an enhanced natural 
wetland at the Musselwhite Mine (Hayes 
2000). This gave them the confidence to 
develop a 10-ha mine water treatment 
wetland at the Campbell Mine, which treated 
similar contaminants seasonally (Martin et 
al. 2015).

Conversely, the Saskatchewan Dept. of 
Environment and Public Safety developed an 
unfavorable view of treatment wetlands after 
a particularly bad experience. A sphagnum 
moss/sedge wetland was previously shown to 
remove copper and cyanide effectively from 
the effluent of the Star Lake/Jasper gold mill 
(Gormley et al. 1990). However, its integrity 
required continuous irrigation with mine 
water. When irrigation stopped after the 
mill shut down, wetland vegetation died and 
flaked off, releasing desiccated, copper-laden 
particulates. This resulted in a disastrous 
surge of copper in receiving streams and 
the department declined to accept further 
proposals to use treatment wetlands for mine 
drainage. Thus, despite two decades worth 
of data on metal removal by the Island Lake 
Fen, they would not accept using this natural 
wetland to polish effluent from the closed 
Cliff Lake Mine until studies on the stability 
of metals in desiccated wetland vegetation 
were conducted (Sobolewski 2006).

In some states in the USA, regulations 
allow and even encourage watershed 
organizations and similar groups to 
install passive or semi-passive mine water 
treatment systems at abandoned mine sites 
as long as their actions don’t worsen effluent 

quality, while elsewhere, similar “good 
Samaritan” groups risk becoming liable for 
the costs of meeting effluent standards in 
perpetuity, even if their actions improve 
water quality but don’t attain water quality 
limits. Obviously, such regulations greatly 
influence whether anyone decides to install 
passive systems at abandoned mine sites. 
Similarly, regulations and the way they 
are enforced affect whether passive, semi-
passive, or active treatment systems make 
sense at operating mines. In some locations, 
mining companies are held to strict effluent 
standards all year long, regardless of whether 
the mine discharge flows into a pristine body 
of water or one that is already contaminated 
from contamination upgradient. The 
performance of biologically-based systems 
can be vulnerable to sudden changes in 
temperature, water quality, and water flow, 
any of which might cause the effluent to 
occasionally exceed tightly written standards. 
When the regulations allow some flexibility, 
passive and semi-passive treatment options 
can be considered, typically with no harm to 
down-gradient water quality or ecology. 

Conclusions
Passive and semi-passive mine water 
treatment systems have evolved far beyond 
what was once thought possible in terms 
of contaminant removal and potential 
contaminant loading, and there is every 
reason to believe that this trend will continue. 
Given their long-term cost effectiveness and 
environmental advantages, passive and semi-
passive mine water treatment should at least 
be considered at any site where appropriate 
land area for such systems is available. Even at 
sites where contaminant loading is extreme, 
passive treatment should be considered 
as a potential polishing step. This is not to 
suggest though that passive or semi-passive 
treatment is appropriate for every site, only 
that innovators have found ways to overcome 
many of the limitations that once existed, such 
as extreme water temperatures or high flow 
volumes. The capability to remotely monitor 
water characteristics and adjust operational 
parameters greatly shifts the limits of what 
is possible. We believe that future technical 
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advances will continue to provide new ways 
to harness natural processes. Moreover, 
initial industry and regulatory reluctance has 
shifted. This generation of environmental 
managers is more open to what was once 
considered a radical concept. 

The key advantages of passive and semi-
passive systems, long-term cost effectiveness 
and environmental benefits, must always be 
balanced with the potential risks associated 
with relying on natural processes. In 
addition, it is important to remember that 
although passive and semi-passive systems 
require much less monitoring and oversight 
than conventional active treatment systems, 
they do still require some monitoring and 
maintenance. 
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Abstract
The interpretation of multiple tracer data for a single sample of mine water can be 
challenging if it contains water molecules having a distribution of ages.  Interpretation 
of tracer results may be complicated due to inter-aquifer connection, geochemical 
interactions, dispersive flow, and dual-domain effects from preferential flow paths 
created by mining operations. Lumped parameter models (LPMs) are commonly used 
to interpret age tracer results by estimating a mean residence time (MRT) for a given 
water sample. Furthermore, it is generally recommended to have a suite of age tracers to 
better constrain the range of the age distribution in a water sample. However, having a 
suite of age tracer results for a single sample often results in incongruent results. 

We collected groundwater and surface water samples around a longwall coal mine in 
NSW, Australia for general hydro-chemical parameters and multiple age tracers includ-
ing stable (δ2H and δ18O) and radioactive isotopes (14C, 3H, SF6, CFCs) aiming to identi-
fy surface water-groundwater interactions. Sampling was undertaken during two events 
at each location. Age tracers were analyzed in a limited number of selected samples. 

In the preliminary interpretation of the results, single dispersion models were used 
for each tracer and where there is considerable variation between young and old tracer 
MRTs, binary mixing models with two dispersion model segments were used for mul-
tiple age tracers. For the samples that have multiple age tracers, LPM results for each 
tracer indicated contradictory MRT estimates. The presence of both young (3H) and old 
tracer (14C) indicate a considerable proportion of each type of water in the sample. This 
paper focuses on interpreting apparently contradictory age tracer results for samples 
collected from the mine goaf and deep and shallow groundwater bores. 
Keywords: Surface water-groundwater interactions, Mean residence time, Isotopes, 
tracers, Lumped parameter models 

The Conundrum of Incongruent Multiple 
Age Tracer Results in Mine Water

Devmi Kurukulasuriya1, William Howcroft1, Karina Meredith2, Wendy Timms1 
1Deakin University, Waurn Ponds, VIC, 3216, Australia  

2Australian Nuclear Science and Technology Organisation, Institute for Environmental Research, NSW 
2232, and Australia.  

Background 
Idealized groundwater age or residence time 
is defined as the time passed since water 
entered the saturated zone until reaching 
the sampling point (International Atomic 
Energy Agency 2013). Naturally, due to 
changes in fluid potential and entropy of 
the groundwater system, individual water 
molecules may follow different paths to reach 
the sampling point since recharge. Therefore, 
a groundwater sample is characterized by 
a frequency distribution of groundwater 
ages, not a single value of ‘age’. In a mining 
context, due to mining operations, more 
hydrogeological factors such as dispersive 

flow and dual domain effects resulting in 
preferential flow paths add complexity, 
widening the range of groundwater ages in 
a sample. This has resulted in an increased 
emphasis on the use of multiple age tracers 
for groundwater dating in hydrogeological 
studies. Additionally, considering factors 
such as screen lengths of the monitoring 
bores s relative to aquifer thickness, and 
sampling techniques, the use of multiple 
age tracers minimizes uncertainty and 
improves sensitivity analysis. The application 
of multiple age tracers further provides 
clarification of processes that may misguide 
the interpretations based on a single tracer. 
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LPMs are commonly used to interpret age 
tracer results of groundwater samples with 
mixed components of young and old water. 
Mean residence time (MRT) and the young 
water fraction present in a groundwater 
sample can be estimated using a mixing LPM. 
Understanding the degree of interactions 
based on the fraction of young water that 
reaches the tracer-free deep aquifers may help 
manage risks of depletion or other adverse 
effects on connected aquifers and surface 
water. It is important to note the geochemical 
interaction that may take place in the deep 
groundwater systems, that may change the 
tracer concentration in groundwater. In some 
situations, groundwater can appear to be 
much older. Inverse modelling approaches 
using tools such as PHREEQC (Parkhurst 
and Appelo, 1999) and Netpath (Plummer et 
al., 1991) can be used to make corrections for 
this apparent old groundwater age.

Lumped Parameter Models
Maloszewski and Zuber (1996) derived 
weighted functions for age distributions in 
different aquifers and recharge settings, and 
a MRT can be estimated for water samples. 
However, this is not always equal to the mean 
age of the flow lines contributing to the sample 
as the tracer concentrations are not a linear 
function of age (Cook & Böhlke 2000). These 
LPMs have been introduced since the 1950s. 
Turnadge and Smerdon (2014) characterises 
LPMs as an approach most appropriate for 
data-poor groundwater systems and is aimed 
to provide a preliminary understanding of 
the groundwater system under study.

The piston-flow model (PFM), exponential 
mixing model (EMM), exponential piston-
flow model (EPM), partial exponential 
model (PEM) and dispersion model (DM) 
are the five key LPMs. Piston flow models 
assume the flow lines of water have the same 
transit time, while diffusion and dispersion 
are considered negligible. Exponential 
models mathematically correspond to a 
response function of a well-mixed reservoir. 
Binary mixing models (BMM) are applied 
when there are two mixed groundwater 
components that follow any one of the five 
LPMs. Application of these models are 
comprehensively discussed in Zuber and 

Maloszewski (2008). Tracer LPM by (Jurgens, 
Böhlke & Eberts 2012) was used for lumped 
parameter modelling of the age tracers.

Estimating young groundwater  
fractions
Groundwater flow patterns and mixing 
patterns identified by the aquifer properties, 
and well construction details, must be 
considered when choosing the appropriate 
lumped parameter model for tracer data. 
Shevenell and Goff (1995) and Apollaro et al. 
(2015); (2016) used two models: a piston flow 
model with no mixing and an exponential 
model with complete mixing to obtain lower 
and upper limits for the MRT of a given 
sample. This approach resulted in a wide 
distribution of mean ages. The application of 
more than one age tracer has been found to 
better constrain the distribution of the MRT 
of a groundwater sample by Gardner et al. 
(2011) and Kashiwaya et al. (2014). Another 
approach is the use of time series tracer 
data where the LPMs have reproduced the 
predicted variation of tracer concentrations 
over time (McGuire & McDonnell 2006). 
Bexfield et al. (2012) identified mixed 
groundwater based on tracer concentrations 
and calculated the mixing fractions of young 
water in mixed groundwater samples using 
BMM (DM+DM).

Methodology
In this study, we undertook a multi-
tracer approach to understand surface 
water-groundwater interaction around 
an underground longwall coal mine in 
Australia. Twenty one groundwater samples 
were collected from shallow (50m), deep 
(400m) groundwater bores, and dewatering 
bores The samples were collected for cations, 
anions, stable isotopes of oxygen, hydrogen, 
and carbon, trace elements, radiocarbon 
(14C), tritium (3H), Chlorofluorocarbons 
(CFCs), and Sulphur Hexafluoride (SF6).

Monthly rainfall data for tritium was used 
and is from a ANSTO sampling site located 
at Sydney airport monitoring station (2006-
2014). Data before 2006 were obtained by 
using monthly averages from Melbourne and 
Brisbane, which were the closest and most 
comprehensive data collection sites. Missing 
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data within a given year were replaced by 
the monthly average concentrations of 
available data in each year. In cases where 
data were missing for the entire year, the 
concentration was set to the average value of 
the years before and after. Annual CFC and 
SF6 concentrations are available for the years 
1935 to 2015 from Bullister (2015).

The choice of lumped parameter model 
suitable for the given bore is determined 
based on the confined/unconfined nature of 
the aquifer and the construction of the bore 
(Jurgens, Böhlke & Eberts 2012). None of the 
bores monitored can be categorized as having 
short screens (less than 10m). Additionally, 
the 3H results were used to identify the water 
samples with possible mixing of old and 
young water. The unsaturated travel time is 
assumed to be zero for the analysis purposes.

Tracer Results and Discussion
Table 1 presents the tracer concentrations and 
activities for shallow and deep groundwater 

samples collected from the longwall mine 
site. Quantification limits and errors of 
results are presented in Timms et al. (2022). 
The CFC-11 and CFC-12 data were found to 
be contaminated in many samples indicating 
higher equilibrium concentrations than the 
atmospheric concentrations after corrections. 
Therefore, CFC-113 only was used for the 
LPMs as it is considered to have the least 
contamination issues.

Three coal seam samples, one Jurassic 
and Triassic samples have detected 3H 
concentrations below the detection 
limit (0.04TU). Concentrations of 3H in 
precipitation measured at the Brisbane station 
peaked during 1962 and reached a plateau 
with less variation after 1990 with a mean 
concentration of about 1.9 TU. The lowest 
concentration recorded during this period 
is 1.3 TU, in 2005. Similarly, the comparable 
variations in atmospheric radiocarbon 
recorded due to the nuclear testing have 
been addressed by calibration with modern 

Table 1 Multi-tracer data for shallow and deep groundwater samples at and near a coal mine. CFC and SF6 
results have been corrected for elevation, temperature, and salinity. 14C data has been normalized for δ13C 
but not corrected for geochemical interactions (sources and sinks). Quantification limits and errors of tracer 
results are provided in Timms et al. (2022).

ID Bore type Screened Strata CFC-113 (pptv) 3H (TU) SF6 (pptv) 14C (pMC)

1 Shallow Triassic Sandstone 21.95 0.02* 8.35 80.93

2 Shallow Jurassic Sandstone 0.00 3.01

3 Shallow Triassic Sandstone 61.77 0.4 10.40

4 Deep Coal seam 0.44 0.06 2.06 5.36

5 Deep Coal seam 47.98 1.77

6 Shallow Triassic Sandstone 0.00 0.1 3.35 56.26

7 Deep Coal seam 0.07 8.51

8 Shallow Triassic Sandstone 0.47 10.30 82.74

9 Deep Coal seam 0.42 3.18

10 Deep Coal seam 0.44 0.04* 0.71 5.45

11 Deep Coal seam

12 Deep Coal seam 0.11 5.09

13 Deep Coal seam 0.04* 5.06

14 Shallow Jurassic Sandstone 15.80 0.04* 2.61 33.39

15 Deep Coal seam

16 Shallow Triassic Sandstone 21.95 0.04* 71.6

17 Deep Coal seam 0.04* 5.73

18 Shallow Triassic Sandstone 15.86

19 Shallow Jurassic Sandstone 44.17 0.12 0.30 3.39

20 Shallow Jurassic Sandstone 0.04* 70.26

21 Shallow Triassic Sandstone 42.53 0.05* 45.83

pMC – Percent Modern Carbon. pptv - parts per trillion (1012) by volume. TU – Tritium units
* – Results below lower limit of detection and therefore has higher percentage of uncertainty.
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data and international calibration curves 
in TracerLPM (Jurgens et al., 2012). The 
radiocarbon results have not been corrected 
for the possible geochemical interactions 
that may alter the isotopic composition in 
water. For this study, the conservative 3H 
age tracer was used to understand younger 
groundwaters because CFC and SF6 were 
prone to contamination.

Groundwaters plotting below 0.15 TUs 
are considered to be relatively old. Samples 
with > 0.4 TU are considered to be relatively 
young water. Coupling two age tracers 
such as3H with 14C together helps identify 
recharge timings further. A sample collected 
from the coal seam had a higher 3H value 
(0.42 TU) and lower 14C value (3.18 pMC) 
relative to other coal seam samples indicating 
a possible mix of old and young water. Most 
of the other deep-groundwater samples had 
low 3H contents (<0.15 TU).

Mean transit times calculated for the 
groundwater samples are provided in Table 2. 
The Shallow Triassic sample 8 has a younger 
portion of groundwater with a mean age of 
27 years and an older portion with a mean 
age of 1,500 years. However, as the multiple 
tracers are combined, for optimization 
incrementally, an increase in relative squared 
error is apparent requiring further research 
to determine the implications on result 
interpretations.

Figure 2 Tritium versus Radiocarbon plot for identifying mixed samples

Lumped Parameter Modelling
Results of individual DM models for the deep 
coal seam sample show a MRT of 28 years 
with 3H and 29,401 years with 14C (Table 2). 
For the combined tracer BMM, a mean age of 
28 years was used for the modern component 
and a mean age of approximately 50,000 years 
were used for the older component as the 
30,000 years result was restricting the BMM 
model outputs. These results show that 1.7% 
of the water sample represents young water 
with a mean age of 28 years. However, the 
relative squared error is 96%. The three model 
outputs of the sandstone sample with 3H and 
14C combined BMM show relatively lower 
error ranging between 0.01% and 17.1% with 
age ranging between 664 and 1519 years. 
The two tracers are in agreement with 0.25% 
relative squared error that 30% of 5 year old 
water is present in the shallow aquifer. The 
disagreement between the 3H and 14C in the 
coal seam sample confirms the possibility 
that groundwater within the coal seam is 
more susceptible to changes in dissolved 
carbon concentrations relative to sandstone 
aquifers. This is due to interactions with coal 
and other minerals that are old radiocarbon 
sources. Therefore, further corrections of 
the radiocarbon results for geochemical 
interactions are required to confirm the MRT 
for the coal seam sample.
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Table 2 LPM model outputs for samples with young and old water mixing. (n/a - Not applicable)

BMM-
DM-DM

664 0 55 0.01 68.72 2,000 0.01 3H ,14C 17.1

BMM-
DM-DM

671 n/a 16 0.01 66.99 2,000 0.01 3H, SF6, 
14C
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DM 54 0.03 n/a n/a n/a n/a n/a 3H 0.00

DM 6 0.01 n/a n/a n/a n/a n/a SF6 5.2

DM 1,519 0.01 n/a n/a n/a n/a n/a 14C 0.00

BMM-
DM-DM

1,397 0 5 0.10 30.20 2,000 0.01 3H ,14C 0.01

BMM-
DM-DM

1,207 0 10 0.10 39.84 2,000 0.01 3H ,14C 0.25

Conclusion 
The combined tracer BMM outputs provide 
intermediary mean ages, however with 
higher relative errors. These incongruent 
results between young and old tracers may be 
due to the fact that radiocarbon results used 
were not corrected for geochemical processes. 
This would be problematic considering 
samples were taken from deep coal seams 
containing old radiocarbon sources such 
as from carbonate minerals that has the 
potential to dilute the 14C results observed in 
the groundwater sample. To account for these 
geochemical processes 14C results will be 
corrected via geochemical inverse modelling 
approaches. The corrected radiocarbon data 
are expected to provide BMM mean age 
outputs with lower relative error. 

Acknowledgements
We gratefully acknowledge support by the 
Australian Coal Association Research Program 
(ACARP) via grant C28024, ANSTO and Deakin 
University. We would also like to thank personnel 

from the mine site for their cooperation and 
assistance, as well as several reviewers who helped 
improve the structure and content of this paper.

References
Apollaro, C, Vespasiano, G, De Rosa, R & Marini, L 

2015, ‘Use of mean residence time and flowrate 
of thermal waters to evaluate the volume of 
reservoir water contributing to the natural 
discharge and the related geothermal reservoir 
volume. Application to Northern Thailand hot 
springs’, Geothermics, vol. 58, pp. 62-74.

Bexfield, LM, Jurgens, BC, Crilley, DM & 
Christenson, SC 2012, Hydrogeology, water 
chemistry, and transport processes in the 
zone of contribution of a public-supply well 
in Albuquerque, New Mexico, 2007-9, US 
Geological Survey Reston, VA.

Bullister, JL 2015, ‘Atmospheric Histories (1765-
2015) for CFC-11, CFC-12, CFC-113, CCl4, SF6 
and N2O’, Carbon Dioxide Information Analysis 
Center, Oak Ridge National Laboratory, US 
Department of Energy, Oak Ridge, Tennessee.



IMWA 2022 – "Reconnect" 

200 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Cook, PG & Böhlke, J-K 2000, ‘Determining 
Timescales for Groundwater Flow and Solute 
Transport’, in Environmental Tracers in 
Subsurface Hydrology, pp. 1-30.

Gardner, WP, Susong, DD, Solomon, DK & 
Heasler, HP 2011, ‘A multitracer approach for 
characterizing interactions between shallow 
groundwater and the hydrothermal system 
in the Norris Geyser Basin area, Yellowstone 
National Park’, Geochemistry, Geophysics, 
Geosystems, vol. 12, no. 8.

International Atomic Energy Agency 2013, 
Isotope methods for dating old groundwater, 
International Atomic Energy Agency.

Jurgens, BC, Böhlke, JK & Eberts, SM 2012, 
‘TracerLPM (Version 1): An Excel&reg; 
workbook for interpreting groundwater age 
distributions from environmental tracer data’.

Kashiwaya, K, Hasegawa, T, Nakata, K, Tomioka, 
Y & Mizuno, T 2014, ‘Multiple tracer study 
in Horonobe, northern Hokkaido, Japan: 1. 
Residence time estimation based on multiple 
environmental tracers and lumped parameter 
models’, Journal of Hydrology, vol. 519, pp. 532-
48.

Maloszewski, P & Zuber, A 1996, ‘Lumped 
parameter models for the interpretation of 
environmental tracer data’(No. 1011–4289). 
International Atomic Energy Agency (IAEA).

McGuire, K & McDonnell, J 2006, ‘A Review 
and Evaluation of Catchment Transit Time 
Modeling’, Journal of Hydrology, vol. 330.

Jurgens, B., Bohlke, J., Eberts, S., 2012. TracerLPM 
(Version 1): An Excel® workbook for 
interpreting groundwater age distributions from 
environmental tracer data, U.S. Geol. Surv. Tech. 
Methods Rep. https://doi.org/10.3133/tm4F3

Parkhurst, D.L., Appelo, C., 1999. User’s guide to 
PHREEQC (Version 2): A computer program 
for speciation, batch-reaction, one-dimensional 
transport, and inverse geochemical calculations. 
Water-resources investigations report 99, 312.

Plummer, L.N., Prestemon, E.C., Parkhurst, 
D.L., 1991. An interactive code (NETPATH) 
for modeling net geochemical reactions along 
a flow path. Department of the Interior, US 
Geological Survey.

Timms, W., Kurukulasuriya, D., Howcroft, W., 
Meredith, K., 2022. Water tracer tools for 
optimisation of water management for coal 
mines - ACARP Project C28024.

Shevenell, L & Goff, F 1995, ‘The use of tritium in 
groundwater to determine fluid mean residence 
times of Valles caldera hydrothermal fluids, 
New Mexico, USA’, Journal of volcanology and 
geothermal research, vol. 67, no. 1-3, pp. 187-
205.

Turnadge, C & Smerdon, BD 2014, ‘A review 
of methods for modelling environmental 
tracers in groundwater: Advantages of tracer 
concentration simulation’, Journal of Hydrology, 
vol. 519, pp. 3674-89.

Zuber, A & Maloszewski, P 2008, Lumped 
parameter models. No. IAEA-TCS--32/F. 2008.



201Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Abstract
Coal combustion product (CCP) utilization for acid mine drainage (AMD) treatment 
has been studied for geochemical properties, chemical retention, and rate of salt release 
as well as its neutralizing capacity. Past studies have shown promising results for the 
application of CCP  as a capping layer to minimize AMD generation in the overburden 
dumps. Kinetic test using column has also been carried out both in a laboratory and 
field to analyse its capacity to attenuate AMD from potentially acid-forming (PAF) rock, 
by layering CCP with NAF above PAF rock layer. The result of those kinetic test showed 
an increase of pH value, a decrease in dissolved metal concentrations such as Fe and 
Mn while oxygen concentration was appeared to decrease. However, numerous open 
pit mines in Indonesia are lack in NAF rock which causes inefficiency in CCP-NAF-
PAF capping. Therefore, this research aims to evaluate the utilization of CCP and PAF 
rock blending to minimize AMD generation in overburden dump, by using test both in 
laboratory and field scale.

The field scale was carried out in a coal mine by constructing overburden dump test 
sites. The design of the overburden model consists of two compartments, compartment 
1 for layering and compartment 2 for blending. The overburden test site was construct-
ed in the size of 4 x 4 m, the height of 1.5 m from the safety berm (width of 0.5 m), and 
the ±45° slope. PAF with a high capacity in producing AMD was selected. The layering 
model was constructed with 0.3 m of PAF at the bottom of the overburden, then layered 
with 0.9 m of CCP and 0.3 m of topsoil at the top of the layer. Meanwhile, the blending 
model was constructed with 0.3 m of PAF at the bottom of the overburden then layered 
with a mixture of PAF:CCP (ratio 1.5:1) at 1.2 m height from the floor. Each layer was 
equipped with an oxygen and moisture sensor in both test sites.
Keywords: Acid Mine Drainage, Coal Combustion Product, PAF, Capping Method.
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Introduction 
Based on the national energy mix plan, 
Indonesia will build a 35,000 MW coal-fired 
power plant or Pembangkit Listrik Tenaga 
Uap (PLTU) with coal as a source of energy to 
meet the national electrical energy needs. Due 
to this development plan, it is estimated that 
the national coal consumption will increase 
in the long term by ±170 million tons/year 
from the current consumption of around ±70 
million tons/year. The increase in the amount 
of coal burning will also increase the waste 
product of coal combustion – coal combustion 
products (CCP, including Fly Ash and Bottom 

Ash). Assuming an average burnt ash content 
is 15% (maximum ash content is 30%), ±36 
million tons of CCP will be produced yearly. 
CCP in Indonesia is categorized as hazardous 
waste from Special Class 2 sources based on 
Government Regulation No. 101 of 2014 
regarding the Management of Hazardous and 
Toxic Waste. Furthermore, based on the latest 
regulation, Government Regulation (PP) No. 
22 of 2021 regarding the Implementation of 
Environmental Protection and Management, 
CCP from coal mines is classified as non-B3 
waste. Therefore, it is essential to conduct 
studies on CCP utilization to prepare for the 
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effects that occur due to the increase in CCP 
from these PLTUs activities.

Many of the PLTUs built are located 
near mining areas to reduce the cost of 
transportation of coal and electricity generated 
so that PLTUs can be used to support mining 
activities and distributed to the surrounding 
community through collaboration with 
the State Electricity Company, including 
the Asamasam PLTU. This government-
operated PLTU is located ±5 km from PT 
Arutmin Indonesia, the Asamasam coal 
mine, which has been the sole coal supplier 
at PLTU Asamasam since 2010. Thus, PLTU 
Asam Asam can be categorized as a mine-
mouth coal-fired power plant. Therefore, 
the plan to utilize CCP for re-utilization in 
the mining area is a reasonable reason and 
needs further study. Using CCP around 
mining areas minimizes the potential impact 
of exposure and reduces costs incurred due 
to transportation when CCP will be used for 
other industries. The mine-mouth coal-fired 
power plant area generally consists of other 
industrial activities that can utilize CCP, such 
as cement factories, which are still Indonesia’s 
most common utilization option.

One of the potential uses of CCP in 
the mining area is to form a covering layer 
to prevent the formation of AAT from 
overburden dumping area, called the capping 
method. However, the problem is that 
many coal mines in Indonesia have more 
potentially acid-forming material (PAF) than 
non-acid forming material (NAF) (shortage 
of NAF material), so the capping process 
is not optimal. CCP from the mine mouth 
power plant can be used as a substitute 
for NAF due to its alkaline nature. Besides 
being used in the overburden dumping area, 
CCP can also be backfilled in voids that are 
ready to be rehabilitated according to the 
final design of the mine, making these two 
locations potentially take in CCP massively. 
The utilization of coal ash is expected to 
provide more value as an alternative material 
that can be used as a covering material and 
a higher amount of utilization compared to 
other options.

Methods
CCP ‘s physical and geochemical charac-
terization 
This research uses CCP from Asamasam 
coal-fired power plant, located in Asamasam 
Regency, South Kalimantan Province, 
Indonesia. Theoretically, the characterization 
of CCP depends on the coal source, 
combustion conditions, and exposure 
time in the air (related to oxidation level). 
Therefore, the evaluation of CCP ‘s physical 
and geochemical characterization at the 
Asamasam power plant will be carried out.

PAF’s physical and geochemical character-
ization
In this research, PAF rock which will be 
used is distributed around the out pit dump 
and void areas. The tests to be carried out 
include evaluating geochemical and physical 
properties to determine the long-term 
stability of the material in the simulation to 
be studied. Before the kinetic test by using 
a column in the laboratory and field scale, 
PAF as the AMD-producing rock will also be 
evaluated.

Overburden Dumping Test
The construction of the overburden dumping 
test site starts with the preparation of the 
overburden dumping test site land, the 
overburden dumping model construction, 
drainage channel construction, material 
filling, and installation of moisture and oxygen 
sensors. The structure of the overburden 
dumping test site consists of 2 (two) 
compartments, compartment 1 for layering 
PAF:CCP material and compartment 2 for 
blending PAF:CCP material. The design of 
the overburden dumping model construction 
can be seen in Figure 1 for the top view. The 
overburden model was constructed in the size 
of 4 x 4 m, the height of 1.5 m from the safety 
berm (width of 0.5 m), and the ±45° slope.

At the bottom layer of layering scheme, 
PAF rock was added with a 0.3 m thickness. 
After that, CCP with 0.9 m thickness was 
added and followed by topsoil (0.3 m 
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thickness) to the top layer. In each layer of 
lithology, oxygen (ICT SO-421) and moisture 
sensors (Delta SM 150T) were installed to 
understand the water content and oxygen in 
the model. 

For compartment 2 (blending scheme), 
the bottom of the overburden dumping test 
site is layered with 0.3 m thick PAF material, 
followed by PAF and CCP blending material 
(weight ratio of 1.5:1) until it reaches a height 
of 1.2 m. The top soil layer is added with a 

3	

	

Leachate	 water	 from	 this	 overburden	 dumping	 test	 site	 was	 also	 collected	 to	 be	 further	
analyzed.	

	
Figure	1	The	top	view	of	overburden	dumping	test	site	

Data	and	Analysis	
Table	 1	 shows	 the	 geochemical	 properties	 of	 CCP,	 soil	 and	 PAF.	 The	 CCP	 and	 top	 soil	 is	
categorized	as	NAF,	while	PAF	is	high	in	producing	acid.	

Table	1	Static	test	result	for	CCP,	Soil	and	PAF	

Code	 Lithology	 pH	Paste		 TS	
(%)	

MPA	 ANC	 NAPP	 NAG	
pH	

NAG	
pH	

=4.50	

NAG		
pH	

=7.00	kg	H2SO4/ton	 (s.u.)	
CCP		 CCP	 9.92	 0.37	 11.33	 337.8	 -326	 6.39	 9.4	 0	

Top	Soil	 Soil/Sub	
Soil	 4.90	 0.40	 12.25	 0,00	 12.25	 5.05	 0	 2.33	

PAF		 Claystone	 4.02	 103.82	 0.00	 103.8	 0.00	 2.6	 54.8	 76.2	
The	 test	 results	 show	 that	 the	 PAF	 and	 FABA	 materials	 have	 the	 same	 specific	 gravity	 with	
similar	 porosity	 (SG	 >	 2.50;	 n	 >	 0.45).	 Moreover,	 CCP	 has	 a	 higher	 saturation	 than	 PAF.	 In	
addition,	the	PAF	material	 is	smaller	in	size	than	the	CCP,	which	is	possible	because	the	CCP	is	
taken	in	an	open	heap,	so	cementation	occurs.	The	CCP	material	is	bonded/agglomerated	to	each	
other.	

Table	2	Physical	Properties	

Code	 Tipe	
Material	

Spesific	
Gravity,	

Gs	

Bulk	
Density,	
γm	

Dry	
Density,	

γd	

Porositas,	
n	

Degree	of	
Saturation,	

Sr	

Water	
Content,	
Wn	

	 	 	 kN/m3	 kN/m3	 	 %	 	PAF	 Disturbed	 2.7	 15.2	 13.57	 0.5	 33	 12.04	

Figure 1 The top view of overburden dumping test site

thickness of 0.3 m. Oxygen and moisture 
sensors are installed on PAF material and 
a mixture of PAF and CCP. Leachate water 
from this overburden dumping test site was 
also collected to be further analyzed.

Data and Analysis
Table 1 shows the geochemical properties 
of CCP, soil and PAF. The CCP and top soil 
is categorized as NAF, while PAF is high in 
producing acid.

Table 1 Static test result for CCP, Soil and PAF

Code Lithology pH Paste TS
(%)

MPA ANC
kg H2SO4/ton

NAPP NAG pH
(s.u.)

NAG pH  
= 4.50

NAG 
pH = 7.00

CCP CCP 9.92 0.37 11.33 337.8 -326 6.39 9.4 0

Top Soil Soil/Sub 
Soil

4.90 0.40 12.25 0,00 12.25 5.05 0 2.33

PAF Claystone 4.02 103.82 0.00 103.8 0.00 2.6 54.8 76.2
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The test results show that the PAF and 
FABA materials have the same specific 
gravity with similar porosity (SG > 2.50; 
n > 0.45). Moreover, CCP has a higher 
saturation than PAF. In addition, the PAF 
material is smaller in size than the CCP, 
which is possible because the CCP is taken 
in an open heap, so cementation occurs. The 
CCP material is bonded/agglomerated to 
each other.

From XRF result, CCP can be classified 
based on its elemental oxide content. CCP 
were classified as Type-C (pozzolanic 
cementitious) based on ASTM; Type Cl 
based on CSA; and  FCS/Fericalsiatic type 
(chemical content of (SiO2 + Al2O3 + Fe2O3) 

Table 2 Physical Properties

Code Tipe Material Spesific 
Gravity, Gs

Bulk Density, 
γm

kN/m3

Dry Density, 
γd

kN/m3

Porositas, n Degree of 
Saturation, Sr

%

Water 
Content, Wn

PAF Disturbed 2.7 15.2 13.57 0.5 33 12.04

Top Soil Disturbed 2.73 19.7 15.81 0.42 92 24.58

CCP Disturbed 2.85 16 12.36 0.57 65 29

at least 70% and CaO content at least 10%). 
In addition, fly ash generally has high CaO 
and low SO3 values, which can be classified as 
Aluminosilicate CCP to Basic CCP / alkaline 
CCP. CCP have pozzolanic-cementitious 
properties and can neutralize acids derived 
from calcium oxide.

FTIR test results show PAF is mainly 
associated with aluminosilicate minerals, 
minerals with OH-bonds (such as 
kaolinite), and pyrite minerals (Fe-S 
bonds). Meanwhile, the CCP consists of 
aluminosilicates associated with amorphous 
material (glass) and carbonates (associated 
with portlandite/calcite/lime) which can 
neutralize acid mine drainage.

Figure 2 Size Distribution of CCP (left)  and PAF (right)
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Figure 3 Transmittance graph from FITR : CCP (left) and PAF (right

Figure 4 SEM EDS 2500x for PAF (left) and CCP (right)

SEM-EDS results show that PAF has a 
layered/flaky morphology like materials with 
the main composition of clay minerals. There 
are also unevenly distributed euhedral pyrite 
crystals. The EDS results show confirmation 
of XRF and XRD, where the material is 
composed of aluminosilicate material with 
an increase in Fe and S at the location where 
FeS2 (pyrite) is located. Meanwhile, the CCP 
sample was granular with several amorphous 
forms, and cementation was seen between 
the individual grains. CCP mainly consists of 
aluminosilicates with trace elements iron and 
increased calcium (presumably from calcite/
lime/portlandite) and magnesium (magnesite, 
dolomite), which can neutralize AMD.

Discussion
Overburden dumping test site results show 
that the layering scenario in AMD formation’s 
neutralization is better than the mixing 
scenario. The layering scenario shows that the 
trend of pH varies between 7 – 9 (except at 
one monitoring point where the pH drops to 
4).. For the mixing scenario, the pH value is 
around 2.50. The results of the chemical quality 
test in the blending scenario show a higher 
increase in dissolved metal when compared to 
the results of the water chemical quality test in 
the layering scenario. The pH and ORP values 
of the leachate affect the solubility of metals 
especially Fe and Mn. Higher concentrations 
of Fe and Mn occur in the mixing scenario 
compared to the layering scenario.

Table 3 Statistics of Measurement Results of Leachate in Blending Scenarios

pH ORP Eh
(mV)

EC
(µs/cm)

TDS
(mg/L)

Temp
(⁰C)

Max 5.91 236.30 506.30 10030.00 6270.00 30.60

Min 2.37 75.00 345.00 1661.03 1095.00 23.70

Average 201.48 471.48 4023.40 2466.50 26.80
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Table 4 Statistics of Measurement Results of Leachate in Layering Scenarios

pH ORP Eh
(mV)

EC
(µs/cm)

TDS
(mg/L)

Temp
(⁰C)

Max 8.90 151.70 421.70 9640.00 6620.00 30.10

Min 4.25 -442.00 -172.00 707.00 464.00 24.20

Average -77.60 192.40 4564.49 3162.44 27.07
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Figure	5	Oxygen	measurement	result	in	layering	and	blending	scheme	
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Figure	6	Relative	water	content	measurement	result	in	layering	and	blending	scheme	

From	the	results	of	monitoring	the	oxygen	concentration,	 it	can	be	seen	that	 the	 top	soil	 layer	
has	O2	variability	concentration	value,	suggesting	that	oxygen	diffusion	still	occurs	at	the	top	of	
the	test	site.	In	the	middle	layer,	in	the	blending	scenario,	the	variability	of	O2	is	still	significant,	
which	means	that	O2	occurrs.	Meanwhile,	the	O2	value	is	decreased	significantly	for	the	layering	
scenario,	 suggesting	 that	 O2	 diffusion	 is	 retained	 in	 the	 FA	 layer	 in	 layering	 scenario.	 In	 the	
lowest	layer	(PAF),	the	O2	value	in	both	scenarios	is	generally	low.	Based	on	O2	conditions	and	O2	
diffusivity,	 the	 layering	 scenario	 is	 more	 likely	 to	 decrease	 the	 oxygen	 diffusion	 rate	 in	
overburden	dumping.	

In	the	test	with	of	PAF	and	CCP	blending,	it	is	possible	that	the	CCP	material	will	tend	to	"stick"	
and	 agglomerate	 to	 the	 claystone/PAF	 material	 to	 form	 particles	 with	 a	 larger	 size	 so	 that	
preferential	 flow	of	water/oxygen	occurs	and	a	mechanism	to	prevent	diffusion.	The	pH	of	the	
pore	water	is	low,	and	acid	mine	water	is	still	formed	(as	seen	from	the	O2	profile,	which	is	more	
limited/inhibited	in	the	layer	pile)	
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Figure 6 Relative water content measurement result in layering and blending scheme

From the results of monitoring the oxygen 
concentration, it can be seen that the top soil 
layer has O2 variability concentration value, 
suggesting that oxygen diffusion still occurs 
at the top of the test site. In the middle layer, 
in the blending scenario, the variability of 
O2 is still significant, which means that O2 
occurrs. Meanwhile, the O2 value is decreased 

significantly for the layering scenario, 
suggesting that O2 diffusion is retained in the 
FA layer in layering scenario. In the lowest 
layer (PAF), the O2 value in both scenarios 
is generally low. Based on O2 conditions and 
O2 diffusivity, the layering scenario is more 
likely to decrease the oxygen diffusion rate in 
overburden dumping.
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In the test with of PAF and CCP blending, 
it is possible that the CCP material will tend 
to “stick” and agglomerate to the claystone/
PAF material to form particles with a larger 
size so that preferential flow of water/oxygen 
occurs and a mechanism to prevent diffusion. 
The pH of the pore water is low, and acid 
mine water is still formed (as seen from the 
O2 profile, which is more limited/inhibited in 
the layer pile)

Conclusions
The overburden dumping test site shows that 
the layering scenario of PAF and CCP has 
better prevention/neutralization of AMD 
formation compared to blending scenario, 
due to its preferential flow of water and 
oxygen.
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Abstract
Bitumen extraction from oil sands ore in Alberta has generated >1.3 billion m3 of tailings, 
a slurry of fine silt and clay, residual bitumen and diluent hydrocarbons, deposited 
in ponds. Methane emissions are one of the environmental issues associated with 
tailings. Methane produced during anaerobic microbial metabolism of hydrocarbons 
is emitted from tailings ponds and end-pit lakes where tailings are reclaimed. We 
investigate hydrocarbon biodegradation under alternative redox conditions to inhibit 
methanogenesis. Our results reveal the potential of indigenous microbes to biodegrade 
hydrocarbons in the tailings under iron- and sulfate-reducing conditions channelling 
carbon flow from hydrocarbons to carbon dioxide.
Keywords: Oil sands tailings, Hydrocarbon biodegradation, Methane emissions,  
Nitrate-, Sulfate- and iron-reducing conditions 
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Introduction 
Alberta, Canada has the third largest oil 
reserves in the world. Current hot water 
technology for bitumen extraction from 
surface mined oil sands ore generates huge 
volumes of fluid fine tailings (FFT), which 
are temporarily stored in tailings ponds, but 
eventually must be reclaimed and integrated 
into mine closure landforms. FFT are a water 
suspension of mineral particles (silt and clay), 
unrecovered bitumen, and residual diluent 
hydrocarbons used to aid bitumen recovery. 
The growing inventory of FFT is currently 
estimated at >1.3 billion m3, and tailing 
ponds have covered over 100 km2 (http://
osip.alberta.ca/map/) in the Athabasca oil 
sands region of Alberta. The reclamation 
of FFT is an environmental challenge for 
oil sands companies and a prospective 
reclamation strategy is to construct end-pit 
lakes (EPLs) where FFT are covered by a 
layer of oil-sand processed water (OSPW) 
mixed with fresh water. With time, EPLs are 
supposed to become a self-sustained wetland 
ecosystem (Kabwe et al., 2017) with adequate 
water quality to connect to the surrounding 
watershed and other water bodies. For the 
reclamation of legacy FFT at massive scale, 

more than 30 EPLs are planned for the 
Athabasca oil sands region.

Both tailings ponds and EPLs are 
biologically active and harbour microbial 
communities (both Bacteria and Archaea) 
that degrade residual hydrocarbons in FFT to 
produce greenhouse gases (GHG), primarily 
methane (CH4) (Siddique and Kuznetsova, 
2020). Total fugitive emission from oil sands 
tailings ponds, estimated using floating flux 
chambers, is 2.8 million tonnes CO2 eq. y-1 

(Burkus et al., 2014). The main substrates for 
methanogenesis are the labile hydrocarbons 
that are constituents of diluents used in 
bitumen extraction process. For example, 
Syncrude Canada Ltd., Suncor Energy, and 
Canadian Natural Resources Ltd. use naphtha 
(primarily C5-C10 hydrocarbons), whereas 
paraffinic solvent (mainly C5-C6) is employed 
by Canadian Natural Upgrading Ltd. and 
Imperial Oil to aid in bitumen recovery 
from oil sands ore. Metabolism of n-alkanes, 
iso-alkanes and monoaromatics (toluene 
and isomers of xylenes) fractions of these 
diluents under methanogenic conditions 
supports CH4 emissions from tailings ponds 
(Mohamad Shahimin and Siddique, 2017a, 
2017b; Siddique et al., 2006, 2007, 2015, 
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2020). Methanogenesis in these EPL is not 
only a source of fugitive gas emissions, but 
may also induce: (1) turbidity in cap water, 
(2) flux of inorganic constituents, and (3) 
bitumen transport from underlying FFT to 
cap water, which may affect EPL water quality 
and effectiveness and sustainability of this 
reclamation strategy (manuscript, Kuznetsov 
et al. in preparation).

To prevent CH4 production in oil sands 
tailings, we investigate the biodegradation of 
labile hydrocarbons in FFT using alternative 
terminal electron accepting conditions 
such as nitrate-, iron-, and sulfate-reducing 
conditions. We report here some of our 
preliminary results that reveal potential 
of indigenous microbial communities to 
metabolize hydrocarbons in FFT under 
alternative reducing conditions. The results 
will help develop a technology using in-situ or 
ex-situ amendments to exploit different redox 
pathways for mitigating GHG emissions.

Methods 
We established a series of laboratory 
microcosm experiments to investigate 
biodegradation of labile fractions of diluent 
petroleum hydrocarbons under different 
redox (nitrate-, iron- and sulfate-reducing) 
conditions by adding either naphtha 
or individual groups of hydrocarbons 
(n-alkanes, iso-alkanes and monoaromatics) 
separately, as these labile hydrocarbons are 
the primary source of methane emissions 
from oil sands tailings ponds. The FFT 
were collected from Mildred Lake Settling 
Basin (MLSB; oldest tailing pond) for our 
first iron-reduction experiment, whereas 
OSPW and FFT were collected from Base 
Mine Lake (BML; end-pit lake) at 1 m and 
9-11 m below the water surface, respectively, 
by Syncrude Canada for our subsequent 
experiments for nitrate-, iron- and sulfate-
reducing conditions. Upper layer of OSPW 
represents suboxic conditions where nitrate-
reducing conditions may prevail and we can 
expect more abundance of nitrate-reducing 
bacteria (NRB). In FFT, mostly iron - and 
sulfate-reducing bacteria (SRB) are expected. 
The anaerobic microcosms were prepared 
using 50 mL of media mixed with 50 mL 
of either OSPW or FFT in 158-mL serum 

bottles with a headspace of 30% CO2 balance 
N2 as previously described (Siddique et al., 
2006). Microcosms were amended with 10 
mM of separate groups of hydrocarbons 
or 0.2 wt% Syncrude naphtha. Triplicate 
autoclaved microcosms (abiotic controls) 
were prepared in parallel by autoclaving 
them for four consecutive days prior to 
hydrocarbon amendment to account for 
abiotic degradation. Triplicate unamended 
microcosms (viable baseline controls) 
were also prepared to account for terminal 
electron acceptor (TEA) reduction from 
any residual endogenous substrates in the 
substrate. In all microcosms, specific TEAs 
were added to maintain redox conditions: 
first iron reduction experiment  contained 
10mM ferrihydrite (fig. 1) or hematite (fig. 
2) as TEAs, and subsequent experiments 
had 10 mM NaNO3 in nitrate-reducing, 90 
mM FeIII as ferrihydrite for iron-reducing, 
and 10 mM NaSO4 for sulfate-reducing 
conditions (tab. 1). Additionally, in half 
of the microcosms under Fe-reducing 
conditions, 2mM nitrilotriacetic acid (NTA, 
chelating agent) concentration was attained 
to increase Fe availability for microbes. 
Role of crystalline iron mineral (magnetite) 
in hydrocarbon biodegradation was also 
tested in this experiment. The microcosms 
were incubated statically in dark at room 
temperature.

We monitor the biodegradation of spiked 
hydrocarbons by analyzing the headspace 
gas composition, injecting 100uL directly 
into a gas chromatograph equipped with a 
mass-spectrometer. The depletion of electron 
acceptors and formation of reduced species 
are measured using spectrometric methods 
for nitrate/nitrite (Schnetger and Lehners, 
2014), sulfate/sulfide (Trüper and Schlegel, 
1964) and reduced Fe (ferrozine method 
(Siddique et al., 2014b). We also characterize 
the indigenous microbial communities 
involved in hydrocarbon biodegradation 
under different redox conditions performing 
16S rRNA gene sequence analysis using 
Illumina MiSeq 2 (Gadol et al., 2022). CH4 in 
the headspace of each microcosm is measured 
periodically using a gas chromatograph 
equipped with a flame ionization detector to 
confirm that microcosms have not switched 



IMWA 2022 – "Reconnect"

211Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

 

0 150 300 450 600
0

50

100

150

B
en

ze
ne

 (%
)

Day

 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Sterile Amended

0 150 300 450 600
0

50

100

150

Et
hy

lb
en

ze
ne

 (%
)

Day

 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Sterile Amended

0 150 300 450 600
0

1000

2000

3000

C
H

4 (
µM

)

Day

 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Unamended
 Sterile Amended

Toluene 300 ppm

A B
C

D E

0 150 300 450 600
0

50

100

150

To
lu

en
e 

(%
)

Day

 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Sterile Amended

0 150 300 450 600
0

50

100

150

Xy
le

ne
 (%

)

Day

 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Amended (BTEX+ferrihydrite)
 Sterile Amended

Figure 1 Methane production (panel A) and biodegradation of benzene (panel B), toluene (panel C), ethylbenzene 
(panel D) and xylene (panel E) in FFT microcosms with amorphous Fe, ferrihydrite. Biodegradation is present 
as per cent of initial amount in amended microcosms compared to abiotic sterile control.

to methanogenic conditions and to analyze 
the positive baseline controls.

Results and Discussion
Microcosms containing FFT collected from 
MLSB were amended with BTEX (benzene, 
toluene, ethylbenzene and xylenes) and 
incubated under iron-reducing conditions 
using amorphous (ferrihydrite) or crystalline 
(hematite) iron minerals as TEAs for 
hydrocarbon biodegradation. Among BTEX, 
biodegradation of toluene occurred by ~75 
days primarily under iron-reducing condition 
(fig. 1C) with no visible CH4 production (fig. 
1A). Afterwards, redox conditions became 
methanogenic due to insufficient supply 
of ferrihydrite (10mM). Subsequently, 
remaining toluene, ethylbenzene and 
xylenes were completely metabolized under 
methanogenic conditions by ~600 days (fig. 
1C-E) with corresponding increase in CH4. 
Crystalline FeIII (hematite) did not produce 
iron-reducing conditions as we noticed CH4 
production right at the outset in one of the 
replicates (fig. 2A) without any hydrocarbon 
biodegradation (fig. 2B-E). We speculate 
that crystalline Fe enhanced methanogenic 
degradation of unknown endogenous 
substrates. Biodegradation of hydrocarbons 
with concomitant CH4 production suggests 

little role of crystalline FeIII in CH4 inhibition. 
Though experimental designed lacked 
positive control (methanogenic treatment 
without crystalline Fe), we did observe 
faster biodegradation of ethylbenzene in the 
presence of crystalline Fe (fig. 2D). There are 
several recent reports that support enhanced 
methanogenesis in the presence of crystalline 
FeIII (Gadol et al., 2022; Vigderovich et al., 
2019). 

Since Fe-reducing conditions lasted for 
a very short period of time in ferrihydrite 
amended microcosms, analysis of the 
microbial communities by 16S rRNA gene 
sequencing at the end of the experiment 
indicated development of methanogenic 
community in all the microcosms. The most 
abundant bacterial taxa were δ-Proteobacteria 
and Clostridia in all ferrihydrite and hematite-
amended cultures. Both Clostridiales and 
δ-Proteobateria enriched in most of our 
methanogenic cultures during hydrocarbon 
biodegradation (Siddique et al., 2018) and 
usually ferment organic carbon to simple 
compounds such as alcohols, fatty acids, H2 
and CO2. Clostridiales has also been reported 
as a fermentative iron-reducing bacteria 
that use FeIII as a sink of electrons without 
conserving any energy for growth (Dong et 
al., 2022). The archaeal communities were 
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dominated by methanogens - both acetoclastic 
Methanosaetaceae and hydrogenotrophic 
Methanoregulaceae indicating both 
routes of CH4 production. We observed 
the enrichment of these archaeal taxa in 
most of our previous studies investigating 
methanogenic degradation of hydrocarbon 
(Mohamad Shahimin and Siddique, 2017b; 
Siddique et al., 2015, 2018).

Based on our findings and issues, such 
as insufficient Fe amendment used in first 
experiment using amorphous FeIII for creating 
iron-reducing conditions and lack of positive 
control in crystalline FeIII experiment, a set 
of new experiments was established using 
OSPW and FFT from BML to continue 
to study the possibility of supressing the 
methanogenesis in the FFT amended with 
naphtha (source of hydrocarbons) using 
other TEAs. Microcosms with only OSPW 
representing suboxic environment did not 
show any microbial metabolism under 
nitrate- or sulfate-reducing conditions (tab. 
1). No degradation of any hydrocarbons 
was detected regardless of amendment – 
naphtha or separate groups of hydrocarbons 
(n-alkanes, iso-alkanes, BTEX). Low 
microbial activity is likely related to a low 
abundance of microorganisms (DNA yield 
was much lower compared to FFT samples) 
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Figure 2 Methane production (panel A) and biodegradation of benzene (panel B), toluene (panel C), 
ethylbenzene (panel D) and xylene (panel E) in FFT microcosms with crystalline Fe, hematite. Biodegradation 
is present as per cent of initial amount in amended microcosms compared to abiotic sterile control.

as well as with suboxic conditions of OSPW 
in tailing ponds where presumably NRB and 
SRB consortia are not well-developed (Foght 
et al., 2017).

Under iron-reducing conditions 
using sufficient amorphous FeIII (90 mM 
ferrihydrite), only toluene has degraded so far 
in the microcosms amended with naphtha in 
50-100 days (tab. 1); all other hydrocarbons 
(we monitor  ~30 labile naphtha compounds) 
remained undegraded during this short 
period (on anaerobic microbiology time-
scale). Microcosms with amorphous Fe did 
not produce CH4 indicating sole prevailed 
Fe-reducing conditions. Biodegradation of 
toluene started almost immediately in the 
microcosms where NTA (chelating agent) 
was added (compared to day 50th without 
NTA; tab. 1) to increase FeIII (ferrihydrite) 
bioavailability. However, complete toluene 
degradation took ~70 days with or without 
NTA. In the microcosms with crystalline 
FeII,III (magnetite), methanogenic conditions 
prevailed at day 25-30th of incubation; earlier 
than in the positive control (methanogenic 
condition without magnetite) and complete 
toluene degradation was faster (80 vs 
125 days) compared to positive control  
(tab. 1). This finding substantiates our earlier 
Fe experiment where we observed faster CH4 
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Table 1 Biodegradation of hydrocarbons in the microcosms amended with 0.2% naphtha under nitrate, iron- 
and sulfate-reducing conditions.

Redox conditions Matrix Degraded compound Time frame (per cent of 
biodegradation)

Nitrate-reducing OSPW
OSPW+FFT

No degradation
Toluene

No degradation
50-350 days (100%)

Iron-reducing* FFT+ferrihydrite
FFT+magnetite

FFT without magnetite

Toluene
Toluene
Toluene

50-75 days (100%)
80 days (100%)

125 days (100%)

Sulfate-reducing OSPW
OSPW+FFT

No degradation
Toluene
Heptane
Octane
Decane

No degradation
20-120 (80%)

30-120 (50-74%)
30-120 (43-62%)

300-400 days (44-69%)

* Iron-reducing conditions could only be achieved in the microcosms amended with amorphous FeIII mineral (ferrihydrite). 
Adding crystalline mixed-valent FeII, III mineral (magnetite) did not produce iron-reducing conditions. FFT without magnetite 

served as a methanogenic positive control and included in the experiment to infer role of magnetite in the study.

production and hydrocarbon biodegradation 
(fig. 2). In conclusion, our results comparing 
amorphous and crystalline Fe minerals 
reveal that (1) amorphous FeIII mineral 
creates Fe-reducing conditions preventing 
redox conditions to fall into methanogenic 
conditions, and (2) crystallinity of Fe 
minerals (irrespective of valence because we 
compared FeIII hematite in first experiment 
and FeII, III magnetite in second experiment), 
enhances methanogenic conditions probably 
mediating electron transfer among microbial 
community members (Zhuang et al., 2015).

Regarding other redox conditions, 
unlike OSPW, microbes active under-
sulfate-reducing conditions seemed more 
abundant in FFT. Among BTEX, only toluene 
degradation was observed by FFT microbes 
after 20 days of incubation under sulfate-
reducing conditions in microcosms filled 
with FFT collected from methanogenic BML. 
In addition, biodegradation of heptane, 
octane, and decane, three hydrocarbons 
from a broad suite of labile hydrocarbons, 
has been achieved so far during 400 
days of incubation. Experiments are in 
progress and we expect a long incubation 
period as anaerobic microorganisms take 
years to develop catabolic abilities to 
degrade a variety of structurally different 
hydrocarbons. For example, it took 700-
2200 days to degrade n-alkanes and 1200-
2500 days for iso-alkanes in FFT under 
methanogenic conditions.(Siddique et al., 

2015). We will keep monitoring depletion of 
all BTEX and major n-alkanes, iso-alkanes 
and cycloalkanes under nitrate-, iron- and 
sulfate-reducing conditions. We will also 
explore metabolic pathways of hydrocarbon 
degradation by indigenous microorganisms 
using ‘Omics’ approaches. We are also 
analysing FFT solid phase to determine 
transformation and distribution of nitrogen, 
sulphur and iron species/compounds under 
anaerobic environment. This comprehensive 
approach/model will establish linkages 
between methanogenesis and nitrogen, iron, 
and sulfur cycling in the FFT. The results 
will help develop strategies suggesting in 
situ amendments of redox compounds or ex 
situ application of redox processes to inhibit 
methanogenesis in oil sands tailings ponds 
and EPLs.

Conclusions
Our study uses a combined geochemical 
and microbial approach to investigate 
hydrocarbon biodegradation and microbial 
metabolic pathways under different redox 
conditions to mitigate GHG emission. 
The data retrieved so far suggests that 
consuming labile hydrocarbons under 
iron- and sulfate-reducing conditions is 
potentially a promising strategy for GHG 
mitigation in oil sands tailings. Tailings 
themselves can serve as a source of Fe as 
oxide minerals that are present in FFT, but 
it is necessary to increase the availability of 
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Fe for microbes (e.g. adding chelating agents 
and inhibiting ferrihydrite crystallization). 
Fe transformation in tailings also carries 
additional benefits, such as accelerating water 
recovery and tailing consolidation (Siddique 
et al., 2014a). Developing Fe- and sulfate 
reducing cultures may serve as inoculants 
for scale-up for mitigating GHG emissions 
from tailings ponds and future EPLs. The 
successful management of tailings ponds 
and EPLs through the mitigation of GHG 
emissions will support sustainable oil sands 
development in Alberta, aligning with the 
Alberta government’s mandate of a 45% 
reduction in methane emissions by 2025.
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Abstract
For more than two centuries, sulfide gold ores have been treated at metallurgical plants 
located in Nova Lima, Santa Barbara and Crixás. Brazil. In this study, geochemical, 
mineralogical, and textural properties of tailings from eight tailings deposits were 
analysed. The samples show high concentration of Au, hosted in different minerals. In 
addition, samples contain S, Fe, and As. Sulfides, oxides, and sulfates are present, some as 
preserved relics. This work highlights different geochemistry and mineralogy, dependent 
on the nature of the tailings. Such information is critical to support long-term decisions 
about tailings management and circular economy.
Keywords: Environmental geochemistry, Mineralogy, Mining Railings, Brazil.
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Introduction 
Brazil is a country that has a strong 
relationship with mining, currently 
representing between 3 and 5% of GDP. This 
proximity has been noticed since the end of 
the 17th century, at the beginning of the first 
gold cycle. In the mid-18th century, Brazil 
produced approximately half of the world’s 
gold, attracting the immigration of around 
400,000 Portuguese, mainly in the region of 
Minas Gerais and Goiás (Fig 1).

Currently, this sector moves others 
through the supply of raw materials, such 
as the civil construction, automobile, 
aerospace, and other industries. Although 
its importance is relevant and strategic for 
the economy, the generation of waste is also 
important. The main deposition structures of 
these wastes are the dams and deposits (mine 
dumps). However, these structures may 
constitute mineral deposits with different 
chemical grades distribution and physical 
characteristics relatively to the exploited ore. 
With the evolution and dynamic changes 
in the market and technology, these wastes 
can thus provide an alternative to primary 
exploitation. 

The tailings dams and other deposits 
resulting from the improvement of ores and/
or Au metallurgical processes constitute 
waste accumulation infrastructures with two 
potential valences: focus of environmental 
impact due to the toxic substances they 
contain and possible sources of new raw 
materials.

Figure 1 Location of the main Au dams in Brazil 
(source: FEAM – State Foundation for the 
Environment) – Highlight for black dots for the 
study regions
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The present work was carried out in 
active and non-active tailings dams, as well 
as depleted mine deposits around the cities of 
Santa Barbara (SB) and Nova Lima (NL) in 
Minas Gerais. In addition to these structures, 
the study also includes the active dam of a 
project in the city of Crixás (CR), located in 
the North of the district of Goias.

The study, therefore, meets the concept 
and objectives of circular economy applied 
to tailings from gold processing. The 
main objective is to present an integrated 
physical, geochemical, and mineralogical 
characterization of solid tailings to support 
the detection of potential reuses and avoid 
possible environmental impacts.

Methods 
The sampling stage took place during late 
winter and early spring (late August to late 
September 2021).

A total of 1560 sediment samples were 
collected with auger, drilling up to two meters 
for chemical analysis (at different depths). 
The distance between samples varied from 13 
to 20 meters depending on the sampling area. 
In table 1 it is possible to verify the names of 
the studied structures, location, and types of 
samples.

In the laboratory, chemical analysis 
was performed by atomic absorption 
spectroscopy (AAS using AAS280 FS Varian) 
for the determination of Au, Cu, C, As, Sb, S, 
Fe. The fire assay was the procedure used to 
obtain analytical data for Au.

In addition to the geochemical 
data, polished sections were prepared 

for mineralogical characterization. The 
mineralogical study was carried out by means 
of optical microscopy and scanning electron 
microscopy (SEM- Field Electron and Ion 
Company -FEI) at UFMG, Belo Horizonte. 
The samples were analyzed using a FEI 
electron microscope, Quanta 600 FEG, high 
vacuum mode, coupled to the automated 
analyzer software (MLA – GXMAP and 
SPL-DZ mode) and to the EDS Espirit Bruker 
microanalysis system (20 Kve).

Results
Chemical Analysis
In the graph of fig 2, a box plot is presented 
with the variations and averages of the 
database surveyed, showing the chemical 
differences between the studied wastes. Sb 
is the main differentiator of solid samples 
from tailings deposits 6 and 7 in relation to 
other tailings. The Au concentrations are 
highlighted in structure number 5. The S is 
relevant for tailings 1, 4, 6, and 8.

In all deposits located in Nova Lima 
(deposits 1 to 5), higher As concentrations 
are observed in comparison with the others. 
The low levels in deposit 6 can be explained 
by the flotation stages, since all As sources are 
removed prior to their deposition in the dams 
(Lemos et al., 2019). The others, 7 and 8, have 
low levels in the food sources of metallurgical 
plants (AGA, 2019).

Fe values are lower for tailings in area 3, 
being, on the other hand, high and variable 
for the others.

Cu concentrations are higher for deposits 
7 and 8, despite deposit 4 having many outliers 

Table 1 Information about the studied areas, collection methods, depth, number of samples and type of 
analysis. PSD – Particle size distribution; AAS - Atomic absorption spectroscopy; ICP (MS) – Inductively 
coupled plasma mass spectrometry

Area Taillings Deposit Sampling Method Depth (~m) Samples Numbers Analysis

NL 1 Percussion+Diamond 
Probing

16 266

AAS, ICP (MS), 
Fire Assay, PSD, 

Mineralogy

NL 2 Percussion Probing 4.4 162

NL 3 Direct push 4.0 615

NL 4 Direct push 6.7 286

NL 5 Direct push 12.5 257

SB 6 Direct push 15 75

SB 7 Percussion Probing 10 100

CR 8 Percussion Probing 15 35
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Figure 2 Box plot graphs demonstrating the variation and differentiation between the tailings of structures 
1 to 8 studied for Au (mg/kg), S (%), As (%), Fe (%), Cu (%), Sb (%), and C (%) – Y (Logarithmic scale).

above the third quartile of the deposit. The C 
is variable for deposit 2, but on average higher 
than the other deposits.

Therefore, in the graph of Fig. 3 it is 
possible to differentiate the tailings in relation 
to the seven chemical variables. Three distinct 

 

groups are noticed, being 1 represented by 
points close to the Au axis with most points 
of deposit 5. Group 2 are, in general, close 
to the Sb axis with most points of deposits 6 
and 7. And a third group, with other deposits 
between the S, Fe, and C axes (Fig 3).

Figure 3 3D PCA graphics showing the grouping of chemical results from structures 1 to 8 studied for Au (mg/
kg), S (%), As (%), Fe (%), Cu (%), Sb (%), and C (%) – Y (Logarithmic scale).
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Mineralogy
Table 2 shows the mineralogy results of the 
structures under study.

In general, the gangue minerals are 
similar among the structures already 
studied (except for dam 5). However, with 
expressive differences between carbonates 
of the structure 1, composed of siderite 
and greater presence of minerals from the 
feldspar group for samples from 8 and 3. The 
main silicate is quartz, which is found with 
inclusions of Au, mainly for deposits 4, 8 and 
3 (Fig 4). The differences between the types 
of sulfides and associations with Au mark the 
main mineralogical difference between the 
structures. While berthierite/arsenopyrite is 
the main source of S in deposit 6, pyrrhotite/

Table 2 Mineralogy of tailings deposits 1 to 8 obtained by FEI microscopy analysis.

Minerals/compounds Chemical Formula 1 2 3 4 5 6 7 8

Wt
%

Wt
%

Wt
%

Wt
%

Wt
%

Wt
%

Wt
%

Wt
%

Quartz SiO2 36.65 31.57 37.83 55.8 15.6 35.6 34.18 42.83

Albite NaAlSi3O8 2.81 5.33 7.56 0.37 1.5 1.11 0.07 8.95

Anorthite CaAl2Si2O8 0.01 - 0.03 0.01 0.053 0.053 0.07 5.44

K-feldspar KAlSi3O8 1.22 0.12 0.73 0.39 1.27 1.18 0.52

Biotite KMg2.5Fe2+0.5AlSi3O1 

0(OH)1.75F0.25

0.52 0.11 2.55 0.16 1 1.26 1.74 8.30

Smectite (Si,Al)(Mg,Fe)O(OH)NaH2O - - 1.28 0.13 1.8 - - -

Muscovite Group KAl3Si3O10(OH)1.9F0.1 20.58 6.53 27.57 5.56 11 29 38.46 12.53

Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3 

(OH)6

5.83 2.44 1.28 6.12 3.3 5.01 3.34 6.13

Iron Oxides/Hydroxides Fe2O3/FeOOH 8.95 - 9.06 8.86 56.8 0.378 17.09 0.41

Fe antimoniate FeSb(As)O - - - 0.806 0.07 -

Rutile TiO2 0.56 0.19 0.60 0.49 0.599 0.599 0.29 0.16

Ankerite Ca(Fe,Mg,Mn)(CO3)2 0.85 16.84 1.49 11.2 1 9 0.02 6.49

Siderite FeCO3 8.94 2.92 0.01 7.25 - 7.2 0.17 0.03

Dolomite CaMg(CO3)2 2.10

Calcite CaCO3 - 0.02 0.23 2.25 0.2 5.4 0.05 1.60

Jarosite (Sb) KFe(SO4)2(OH)6

& (H3O)Fe(SO4)2(OH)6

- - - - - 1.00 - -

Gypsum CaSO4 2H2O - - - 0.03 7 2.00 - -

Pyrite Fe2+S2 0.22 5.31 0.06 0.5 0.002 0.08 0.03 0.11

Pyrrhotite Fe2+0.95S 4.7 2.06 0.148 0.79 0.004 0.041 - 1.803

Arsenopyrite Fe3+AsS 1.71 2.52 0.022 0.24 0.056 0.056 - 0.389

Berthierite FeSb2S4 - 0.141 - -

Chalcopyrite CuFe(S)2 0.21 0.01 - 0.028 - 0.05

Gesdorffite NiAsS - 0.02 - - 0.01 - -

Covellite CuS 0.01 - 0.07 0.1 - -

Sphalerite ZnS - 0.01 - 0.009 - -

Native Gold* Au > 80%, Ag, Cu, Hg 60 45 2 364 526 158 20 740

Electrum* Au = 80%, Ag = 20% 5 8 1 10 42 6 5 19

* Number of Au particles

pyrite/arsenopyrite are abundant in the 
structures of 4, 1, and 2. In these sulfides, the 
presence of attached and included Au has 
also been described (Fig 4).

For dam 6, oxides and jarosite containing 
high Sb concentration are also observed. This 
fact also shows that these minerals are distinct 
from other deposits. The presence of a high 
content of oxides and jarosite in the rejects of 
5 and 6 is due to the transformation steps in 
a roaster and autoclave for Au extraction in 
metallurgical plants (Lemos et al., 2019). The 
other deposits have minerals that are more 
common among themselves because they 
receive wastes from the flotation stage, which 
has a low degree of mineral transformation 
(Lemos et al., 2019).
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Figure 4 Electronic image in false color of minerals and Au association of the tailings deposits 1 to 8.

Conclusion
The results showed distinct characteristics 
between groups of samples from the tailings 
deposition structures.

Among the seven chemical variables, 
three distinct groups are identifying, being 
1, represented by points close to the Au axis 
with most points of deposit 5. Group 2 is 
more close to the Sb axis with most points 
of deposits 6 and 7. Finally, there is a third 
group, with other deposits between the S, Fe 
and C axes.

The sources of S, Cu, and As are 
represented by sulfides and sulfates, the latter 
being mainly present in deposits 5 and 6. In 
the case of deposit 5, it can also be deduced, 
due to its genesis, that Fe oxides also carry 
these elements. C contents are related with 
carbonates, mainly in samples from deposit 2.

The characterization of tailings solids also 
revealed the levels and modes of occurrence 
of elements considered at risk of supply 
according to the European Commission’s 
list, such as Au, Sb, and As. Jarosite and Fe 
antimoniate are relevant host phases.

All these chemical and mineralogical 
relationships demonstrate the need for 
separate storage and safe management in the 
handling and disposal of these products.

Even considering that these elements occur 
in complex forms the high concentrations of 

Sb, As, and Au demonstrate their potential 
for reuse. Furthermore, studies should be 
made to convert these tailings into resources, 
proving that they could have interesting 
grades and, thus, aspirations in the context of 
the circular economy can be validated.
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Abstract
This study investigated the use of emerging organic contaminants (EOCs) as potential 
pollution source tracers. Water samples were collected from the Blesbokspruit, 
boreholes and nearby old mine voids and analysed them for EOCs. Caffeine and 
atrazine were detected at all sampling sites, whilst estrone and terbuthylazine were 
not detected in any of the mine voids. Although estrone appeared with the lowest 
frequency, it displayed high concentrations at sites where it was detected. The findings 
showed the suitability of using EOCs as potential tracers, even at low concentrations.
Keywords: Emerging contaminants, Groundwater, Mine voids, Tracers

Potential Use of Emerging Organic Contaminants 
as Pollution Source Tracers

Lufuno Ligavha-Mbelengwa1,2, Godfrey Madzivire1,3, Pamela Nolakana1, Henk Coetzee1, 
Modreck Gomo2

1Council for Geoscience, Water and Environment Unit, 280 Pretoria Street, Silverton, Pretoria
2University of the Free State, Institute for Groundwater Studies, 205 Nelson Mandela Drive, Bloemfontein
3Department of Environmental Science, University of South Africa, Roodepoort, Johannesburg, South Africa

Introduction
Emerging organic contaminants (EOCs) 
are a threat to the aquatic environment due 
to their persistent nature and their ability 
to cause health effects to humans and other 
living organisms, even at low concentrations. 
EOCs can find their way into the subsurface 
environment in various ways, including 
runoff and infiltration from old or recent 
leaking infrastructure and inadequate 
removal during water treatment (McCance et 
al. 2020). 

Many emerging contaminants are being 
assessed for their suitability as contamination 
source tracers. McCance et al. (2018) 
summarised the criteria that should be 
followed when selecting ideal groundwater 
tracers: they should be released in sufficient 
quantities from the pollution source, 
persistent in the aquatic environment, and 
responsive to sensitive analyses. Several 
scholars have tested the use of compounds 
such as carbamazepine, estrone, caffeine, 
acesulfame, bisphenol-A, simazine, atrazine 
and many others as tracers. Some of these can 
directly be linked to their specific source and/
or use (James et al. 2016), whereas some may 
emerge from more than one pollution source. 
McCance et al. (2020) stressed a need for EOC 

assessment in environments represented 
by different hydrogeological settings and 
contamination sources so that the methods 
can also be used in other settings.

This study assessed the potential usage 
of six EOCs as pollution tracers in the 
Witwatersrand Goldfields. These compounds 
are thought to emerge from anthropogenic 
activities and were frequently detected at the 
study sites. 

Site Setting
Study area
The current study focussed on the 
Blesbokspruit, which is a stream that 
passes through the Eastern Basin of the 
Witwatersrand (fig. 1). Studies that have been 
conducted by the Council for Geoscience 
(CGS) in these areas have shown that little, if 
any, surface water flows into the underground 
workings near the large north-south channel 
of the Blesbokspruit. Therefore, much of 
the surface water that enters comes from 
areas upstream of the Geduld, Alexander, 
and Cowles Dams that act as a tributary to 
the Blesbokspruit. Thus, the Blesbokspruit 
receives mixing of water from various 
sources, including pollution sources such as 
runoff, sewage and industrial discharges.
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Figure 1 Study area

Ethical considerations
The current study relied on emerging 
contaminants that had been released into 
the environment through anthropogenic 
activities. Therefore, no compounds were 
injected into the environment.

Sampling and analytical procedures
Water samples were collected from 
the Blesbokspruit, old mine shafts and 
surrounding boreholes (fig. 1) for the analyses 
of EOCs. Plastic bailers were used to collect 
water from both boreholes and mine voids 
from below the static water level. A bucket 
was used to grab samples from the surface 
water bodies. Non-preserved 250 ml glass 
bottles were used to store the water samples, 
and, prior to filling, these were rinsed with 
the sample water. The samples were then 
stored inside a cooler box and kept for a 
maximum of 7 days under these dark and 
cold conditions.

The samples were transported to 
the Microbial Biochemical and Food 
Biotechnology Laboratory, University of 
the Free State where they were analysed for 

EOCs. Samples were processed with solid 
phase extraction using Waters Oasis HLB 
cartridges.

Data interpretation
Data from the laboratory was interpreted 
using the Statistical Package for Social 
Sciences (SPSS). Spearman Rank Correlations 
were done to test the correlation between 
the variables, whereas descriptive statistics 
(frequencies) were calculated to determine 
the detection frequency of each compound 
per site. Microsoft Excel was used to create 
bar graphs for the EOC concentrations.

Activities around the area
There are several activities on-going 
around the study area that may result in the 
discharge of anthropogenic pollutants into 
the aquatic environment, i.e. agriculture, 
sewage discharges from residential areas, 
landfill drainage, run-off, mining and 
mine tailings (fig. 1). Considering all the 
potential pollution sources in the area, 
analyses looked at compounds that might 
emerge from such sources. The compounds 
that were considered for interpretations 
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are: the life-style compound caffeine, the 
herbicides atrazine and terbuthylazine, the 
pharmaceutical carbamazepine, a hormone 
(estrone), and the industrial compound 
bisphenol-A. These six were chosen because 
their frequent occurrence in the aquatic 
system showed their potential to be used as 
tracers and/or co-tracers. 

Contaminants pathway 
The contaminants are assumed to enter the 
subsurface through different routes (fig. 
2). These can be a direct pathway, from the 
surface to the mine voids (route B) and/or 
indirectly, where surface water recharges 
groundwater, and then flows through the 
mine voids (route A).

Results and Discussions
Caffeine 
Caffeine is a psychoactive drug. This 
compound is normally detected frequently 
in the aquatic environment because of its 
widespread consumption (Sui et al. 2015). 
Due to this characteristic, caffeine was 
detected in all the current study samples, 
though the concentrations varied immensely. 
The highest concentration detected was 15.70 
ng/mL in a surface water sample, whilst 
the lowest concentration was 0.01 ng/mL 
in a groundwater sample. The sample that 
measured the highest concentration of this 
compound was collected in an area that 
receives a mixture of clean water with sewage 
discharges from residential areas.

Figure 2 Possible contaminant pathways into the mine voids.

Herbicides
Atrazine and terbuthylazine are widely used 
herbicides. Atrazine is known to be persistent 
for long periods in groundwater (Lapworth et 
al. 2015). It was detected at all the sampling 
sites, with the highest concentration of 1.20 
ng/mL measured in the surface water sample. 
Although atrazine was detected in all the 
samples, most of the concentrations were 
<0.05 ng/mL.

Terbuthylazine was detected in all the 
surface water and groundwater samples, 
and was not detected in the mine voids 
samples. The concentrations measured 
ranged between 0.003 and 0.37 ng/mL for 
groundwater and surface water samples, 
respectively. The concentrations measured 
for the surface water samples were greater 
than in the groundwater samples. There is 
enormous agricultural work going on in the 
study area, although no major concentrations 
of herbicides were measured.

Bisphenol-A
Bisphenol-A is an industrial compound that 
is used to make plastics and resins. This 
compound is described as less persistent 
under aerobic conditions and more persistent 
in anaerobic conditions (Lapworth et al. 
2015).  It was detected in all the mine void 
and groundwater samples, except for one 
borehole (BH10). This compound was also 
detected in 1 out of 7 surface water samples. 
The highest concentration measured for this 
compound was 2.15 ng/mL in a mine void 
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sample, with the lowest concentration of 0.29 
ng/mL measured in a groundwater sample. 

Carbamazepine
Carbamazepine is a pharmaceutical drug 
used for the treatment of epilepsy and 
neuropathy. This compound can survive 
and remain unchanged after years of travel 
in the subsurface, with minor degradation 
and adsorption (Sui et al. 2015). In the 
current study, carbamazepine was detected at 
concentrations between 0.04 and 0.70 ng/mL. 
The highest concentrations were measured 
in the surface water samples, with no 
concentration detected in the groundwater 
samples. 

Estrone
Estrone is a steroid hormone that has been 
described as a compound with high potential 
to degrade in stream sediments under aerobic 
conditions (Bradley et al. 2009). Estrone was 
not detected in most of the sites, although where 
detected, it occurred in high concentrations. 
The highest concentrations for estrone were 
14.10 ng/mL and 13.40 ng/mL in surface water 

and groundwater samples, respectively. This 
compound was not detected in the mine void 
samples.

Detection frequency
Detection frequency was tested for all 
the compounds at each site and these are 
presented as percentages (Table 1) and bar 
graphs (fig. 3). Table 1 shows that caffeine 
and atrazine were detected at 100% of the 
sampled sites, possibly due to their wide 
usage in the area and persistent behaviour, 
respectively. These two were followed by 
terbuthylazine at 68.8%. Although estrone 
displayed high concentrations at sites where 
it was detected, this compound was the least 
frequently detected. It was detected at 5 of the 
16 sampling sites. Carbamazepine appears to 
be normally distributed at the sites where it 
was detected (fig. 3).

Relationship Between Specific Sites
Surface water and groundwater
To assess the potential use of EOCs as tracers 
of pollution, Spearman Rank Correlations 
between sites were determined. Table 2 
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Figure 3 EOCs concentrations per site (Boreholes (BH), Blesbokspruit at Eiselen Street (B@ES), Sewage 
inflow to Blesbokspruit (S@55), Cowles Dam outflow (CDSP1), Blesbokspruit downstream (B@515), 
Blesbokspruit upstream (B@S7), Largo Sinkholes (LSH), Blesbokspruit at Marievale (B@M), Vlakfontein 
Shaft 1 (VLAK#1), Marievale Shaft 5 (MV#5), Eastern Basin Treatment Plant (ERB), Sub Nigel Shaft 1 
(SUBN#1), Modder East Shaft 5 (MES#5).

Table 1 Detection frequency of compounds in 16 sites of interest.

Compounds Caffeine Atrazine Bisphenol-A Carbamazepine Estrone Terbuthylazine 

Sites 16 16 16 16 16 16

Frequency 16 16 9 9 5 11

Percentage (%) 100.0 100.0 56.3 56.3 31.3 68.8
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displays the relationships between surface 
water and groundwater. Most of the surface 
water samples displayed moderate to strong 
correlation with groundwater samples. The 
samples that did not show any relationship 
were collected from Blesbokspruit at Eiselen 
Street (B@ES), which is upstream of the 
study area. 

Surface water and mine voids
Since it is stated that other possible pathways 
of contaminants to the subsurface may 
include surface water directly entering the 
mine voids, interpretations also looked at 
this aspect. Strong positive correlations were 
only observed for surface water or mine voids 
samples amongst each other (table 3). Lack 
of relationship between surface water and 
mine voids could possibly be resulting from 
the following: (a) mine voids receiving EOCs 
contributions from other sources of pollution 
other than the Blesbokspruit, (b) no direct 
contribution from surface water into the 
mine voids in this area (no water ingress).

Table 2 Spearman Rank Correlation between borehole and surface water samples.

BH 10 BH 12 BH 13 BH 11 B@ES S@55 CDSP - 1 B@515 B@S7 LSH

BH 12 .551          

BH 13 -.191 .290         

BH 11 .290 .943 .551        

B@ES .400 -.152 .400 -.152       

S@55 .400 -.152 .400 -.152 1.000      

CDSP - 1 .087 .600 -.174 .543 -.698 -.698     

B@515 -.191 -.754 -.191 -.754 .400 .400 -.696    

B@S7 -.191 -.754 -.191 -.754 .400 .400 -.696 1.000   

LSH .493 .029 -.812 -.257 -.213 -.213 .314 .232 .232  

B@M -.250 -.812 -.250 -.812* .339 .339 -.522 .941 .941 .290

Table 3 Spearman Rank Correlation between surface water and mine voids samples.

B@ES S@55 CDSP - 1 B@515 B@S7 LSH B@M Vlak#1 MV#5 ERB SUB N#1

S@55 1.000           

CDSP - 1 -.698 -.698          

B@515 .400 .400 -.696         

B@S7 .400 .400 -.696 1.000        

LSH -.213 -.213 .314 .232 .232       

B@M .339 .339 -.522 .941 .941 .290      

Vlak#1 .031 .031 -.145 .191 .191 -.493 .074     

MV#5 .031 .031 -.145 .191 .191 -.493 .074 1.000    

ERB .031 .031 -.145 .191 .191 -.493 .074 1.000 1.000   

SUB N#1 .031 .031 -.145 .191 .191 -.493 .074 1.000 1.000 1.000  

MES#5 .548 .548 -.273 .062 .062 -.516 -.062 .770 .770 .770 .770

Groundwater and mine voids
Table 4 displays the relationship between 
groundwater and mine voids samples. Most of 
the groundwater showed a weak correlation 
with the mine voids. The only strong 
relationship in this regard was between one 
groundwater and a mine void sample. This 
mine void sample is located upstream of the 
Blesbokspruit, whilst the borehole is situated 
mid-stream. Although all the boreholes are 
situated mid-stream near most of the shafts 
(mine voids), a strong relationship could 
not be observed between these, further 
confirming that there is no water ingress 
from this source. 

Conclusions 
This study investigated the potential use of six 
organic compounds as pollution tracers. The 
detection of compounds in groundwater and 
mine voids is a good indication that these can 
potentially be used as pollution tracers. 

Although most compounds were detected 
in the subsurface, it was concluded that surface 
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water was flowing into the groundwater and 
mine voids. The exact source of the tracers 
could not be apportioned to the surface 
water samples collected. This could be due 
to mixing of these water sources with various 
unsampled sources. 
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Abstract
Many mines in South Africa and other parts of the world have altered the local geology 
by extracting the coal seams. The change in geology also changed the geohydrology. 
Voids are left to fill with water. Partly from surface- and stormwater, but most will be 
groundwater. In geohydrology, it is termed the mine recharge. The recharge depends on 
several factors, ranging from the mining methods to geological settings.

This paper will discuss an extension developed for WISH (Windows Interpretation 
System for Hydrogeologists) that simulates the recharge and flooding of the mine work-
ings and identify the areas where water will collect.

Recharge Flooding
Eelco Lukas1, Danie Vermeulen1

1Institute for Groundwater Studies, University of the Free State, Bloemfontein, 9301, South Africa

Introduction 
Recharge and mine flooding (opencast or 
underground) occurs in every minethat 
intersects the watertable. Recharge is a natural 
process and is a phenomenon that can occur 
at different rates over the full extent of the 
mine.  Many factors influence the recharge, 
such as rainfall and rainfall intensity, surface 
topography, depth of mining, geological 
structures, presence of subsidence, surface 
structures, and the state of rehabilitation in 
case of an opencast mine. Given the same 
annual rainfall, the volume of recharge water 
will continue to grow while the mine is 
further developed. 

Traditional recharge calculations are 
performed over the entire extent of a mine. 
The calculations result in a single value 
of recharge for the combined workings. 
However, only having a recharge volume 
value does not give the complete picture 
of the water distribution in a mine. It does 
not specify which compartments or parts 
of the compartments are flooded first. 
Changing the recharge volume calculation 
to a per depression calculation establishes 
a distributed flooding method. The total 
amount of recharge water is still the same, but 
the places where the flooding starts are now 
distributed over the entire surface.

Flooding an underground mine through 
of recharge is very slow. The speed at which 
this happens is highly dependent on the 
permeability of the overlying strata. Table 1 

below summarises the current understanding 
of this phenomenon for the Mpumalanga 
Coalfield (Vermeulen et al. 2006; Hodgson et 
al. 1995). The Time-to-Fill column indicates 
the time it will take for the underground to 
flood when assuming a mining height of 3 
m, an extraction rate of 66% and an annual 
rainfall of 1000 mm.

Recharge water, also called water-make, 
entering the mine cavity will be collected in 
small floor depressions. If the recharge is low, 
the small amounts of infiltrating water will 
evaporate, even before it accumulates on the 
floor and is transported by the ventilation 
system to the surface. When the recharge is 
higher than the evaporation, the volume of 
mine water will grow and slowly finds its way 
towards the deeper (lower) parts of the mine 
floor. This raises the question, which sections 
will stay accessible, and which sections will 
flood?

Methodology
For a surface depression to exist, the 
depression needs to have a deepest point. It is 
possible for a surface depression to have more 
than one deepest point, but only when there 
is no rise in the surface between these points.

Puddles of water, or water bodies, will 
always start their existence and are always 
centred around the deepest (or lowest) points 
in the surface depressions. It is also possible 
to turn this statement around. Every lowest 
point (or cluster of lowest points) will have 
a single water body. Therefore, a water body 
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will always be associated with the lowest 
point. Different parts of the surface, let’s call 
them elements, may drain towards different 
depressions. Those parts of the surface where 
water flows towards the same depression 
are part of the same waterbody, even if they 
are not flooded. To make things easier, all 
water intercepted by the surface drains 
towards the same depression and attributes 
to the waterbody. It is, therefore, possible 
to calculate the volumes of water consisting 
of intercepted rain for each waterbody. 
Although it is needed to calculate the amount 
of water that falls on the individual surface 
elements, we focus on the total volumes of 
the water bodies.

WISH (Lukas, 2012) has the functionality 
to create 3-D surfaces. These 3-D surfaces can 
be created using the topographic surface, a 
geological formation, a lithological layer, the 
floor of a mine cavity or even the roof of the 
mine cavity. WISH uses Triangular Irregular 
Networks (TINs) to describe the surface. 
A TIN consists of nodes and elements to 
describe a surface. Nodes of the TIN are fixed 
in a horizontal plane but can be adjusted 
vertically. 

The process of creating the water bodies 
starts with the identification of the recharge 
nodes on the surface. The recharge nodes 
are those nodes where the water starts 
accumulating on a surface. Nodes connected 
to this node will all have higher surface 
elevations. Due to the undulating nature of 
a typical mine floor, many recharge nodes 
will be identified. Each node and element 
will have a recharge node assigned. Simply 
put, the recharge node is the node where 
water would flow to when it is allowed to flow 
freely. The recharge node is not necessarily 
the deepest or lowest node of the TIN, but 
it will be the lowest node in a depression. 

Table 1 Expected recharge per mining method at the Mpumalanga Coalfield.

Mining Method Recharge as a percentage of the annual rainfall Time to fill in Years

Shallow Bord-and-Pillar 6 – 9 % 22.2 – 33.3

Deep Bord-and-Pillar 1 – 4 % 50.0 – 200

   Partial Stooping 4 – 9 % 22.2 – 50.0

   Total Extraction 6 – 13 % 15.4 – 33.3

Longwall / Shortwall 15 – 20 % 10.0 - 13.3

Figure 1 displays a part of a mine floor with 
random colours assigned to the water bodies. 
A square indicates the lowest node for each 
water body.

When the recharge nodes are identified, 
the (potential) water bodies are created. 
The waterbody consists of all the nodes 
and elements that drain towards the 
recharge node. The amount of precipitation 
intercepted by each triangle (element) is 
calculated, then multiplied by the recharge 
factor and totalled for the elements draining 
towards the same water body and transferred 
to the recharge nodes. 

All the depressions are described as 
(possible) water bodies and placed in a list. 
There is no preference to which water body 
comes first. Starting with the first water body 
in the list, the adjacent water body with 
the lowest connection is determined. This 
connection is also the maximum water level 
elevation used to compute the water holding 
capacity of the depression. When the volume 
of recharge water is less than the capacity, 
the water body is filled with available water. 
When the volume of recharge water exceeds 
capacity, the depression is filled to the 
maximum level. Because water will start to 
overflow, all the excess recharge water will be 
added to the recharge water of the connected 
water body. The water added to the water 
body is subtracted from the recharge water. 
If the water level in the connected body is 
at the same level, the two water bodies are 
merged. The following water body in the list 
is selected, and the process starts over again. 
After all water bodies in the list are processed, 
we start over from the beginning of the list. 
Water bodies without any recharge water left 
are skipped. The simulation finishes when 
all recharge water is transferred into the 
waterbodies.
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Figure 1 Depressions in a mine floor using random colours; a square indicates the lowest node.
 

Results
The mine used in the study is fictive. The 
mine’s layout is a combination of several 
existing underground workings, as are the 
surface- and the mine floor contours. The 
site is situated in the Mpumalanga Province. 
The total footprint of the mine is 1560 ha. 
The mine area is a gently flowing surface with 
an average elevation of around 1750 mamsl, 
an average mining depth of 100 m and an 
extraction rate of 72%. Four rainfall scenarios 
were tested from a low rainfall of 250 mm to 
a high rainfall of 2000 mm.

A TIN was created using a 60 m nodal 

distance (42835 nodes and 47045 elements). 
Figures 2 and 3 below show the mine’s 
topographic surface and mine floor in 3D, the 
depth of mining (or roof thickness), the areas 
used to assign the recharge rates and the final 
floor geometry with the recharge rates and 
the individual area sizes. The sizes were used 
to calculate an expected recharge volume. 

Table 2 shows the results of the four 
flooding scenarios after applying water 
to the surface and the water has found its 
resting place. It shows the expected recharge, 
as calculated by WISH, the recharge after 
the simulation is completed, the difference 

Figure 2 Surface and floor; Depth of mining.
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Figure 3 Assigning recharge rates; Area sizes per recharge rate.
 

Table 2 Simulation result in numbers.

Rainfall [mm] Recharge 
Expected [m³]

Recharge 
Simulated. [m³]

Difference [m³] 
(%)

Flooded area 
[ha]

Water-bodies 
Left #

Iterations # 
(Cycles #)

100 72542 72532 -9.8 (0%) 140.5 2333 4902 (21)

500 362710 362690 -20 (0%) 272.2 1993 5657 (25)

1000 725422 725572 +151 (0%) 358.7 1846 5982 (32)

2000 1450843 1450561 -282 (0%) 451.9 1688 6536 (72)

between the expected and simulated recharge 
in cubic metres and a percentage of the 
predicted recharge, the total area flooded, the 
number of water bodies left and the number 
of iterations it took as well as the number of 
times simulation needed to go through the 
list of water bodies.

Although the method described above 
calculates the distribution for the entire 
workings, this method can also be applied 
for a small part of the mine. In such a case, 
only the small part will have recharge 
factors assigned, while the remainder of the 
workings will have a zero (0) recharge rate. 
WISH calculates the water distribution in 
that part of the mine and any recharge water 
spillage into the remainder of the mine.  
Knowledge about the volume of water spilt 
and where it flows is essential for the safety of 

Table 3 Simulation progress – 100 mm of rainfall.

Cycle Expected 
Recharge [m³]

Simulated 
Recharge [m³]

Difference [m³] Difference [%] # WB Iterations

1 72542.1 31528.2 41014.0 56.5 3002 3002 (3002)

2 72542.1 45970.1 26572.1 36.6 2701 850 (3852)

3 72542.1 50801.9 21740.3 30.0 2591 382 (4234)

…

19 72542.1 72402.4 139.8  0.2 2336 2 (4898)

20 72542.1 72523.3 18.8  0.0 2334 3 (4901)

21 72542.1 72532.3 9.8   0.0 2333 1 (4902)

the workers underground. When the spillage 
is little, water will evaporate and be removed 
by the ventilation system. When the spillage 
becomes substantial, the mine may decide to 
build a water retaining wall to keep the active 
workings dry.

Table 3 lists the progress of the recharging 
simulation. During the first pass through 
the list with waterbodies, almost half of all 
expected recharge water is transferred to the 
waterbodies.

The first pass also resulted in 3002 
iterations (the number of water bodies in the 
list). Many of the water bodies were filled to 
the brim, and the overflow nodes and target 
waterbodies were identified. The second pass 
had 850 iterations (3852-3002), only those 
water bodies with capacity left were visited, 
and 301 water bodies were merged. During 
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the third pass, another 110 water bodies 
combined and the error between the volume 
that must be recharged and the amount 
already in the water bodies declined to 30%. 
After the 21st pass, the absolute difference 
between expected and simulated recharge 

 
Figure 4 Rainfall 0.10 m – 72532m³ in 5397 iterations.

 
Figure 5 Rainfall 0.5 m – 362690 m³ in 4902 iterations.

is smaller than 10 m³, there are 2333 water 
bodies left (669 were merged), and the 
simulation took 4902 iterations. Figures 4 to 
7 show the result of flooding after 100, 500, 
1000 and 2000 mm rainfall.
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Using the same flooding technique, it is 
possible to simulate a calamity-flooding by 
“releasing” a large volume of water in a single 
water body and calculating the overflow into 
the adjacent water bodies. An example of 
a calamity-flooding can be the failure of a 
water-retaining wall.

 
Figure 6 Rainfall 1.0 m – 725572 m³ in 5982 iterations.

 
Figure 7 Rainfall 2.0 m – 1450561m³ in 6536 iterations.

The flooding simulation software relies 
heavily on the data available from the mine 
and the expertise of the geohydrologists 
concerning the recharge rates. The new 
simulation software can be used not only 
during the planning stages but also during 
the development of the mine to determine 
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the placing of transport belts and which 
roads can be used as escape routes in case 
of flooding and ultimately save equipment 
and lives. 

Conclusion
The software described here can be used 
to predict the locations on a surface where 
water may accumulate, and it will indicate 
which sections will stay accessible and which 
will flood.
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Abstract
The speciation of ten metal species (Al, As, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) in 
tailings and sediments along the Sabie River system were investigated. Their total 
concentration and geochemical phase distribution were determined using sequential 
chemical extraction. Representative samples from the mine tailings storage facilities 
(MTSFs) and stream sediment were selected and the objectives were to analyse the 
total concentration of metal species and their distribution in the different geochemical 
phases, and to determine their association with the sediment components.

Results of the mine wastes from the Nestor MTSF indicated that two fractions were 
bioavailable. These fractions are the exchangeable metal-bound (F1) as well as Fe and 
Mn-bound (F2), with a possibility of the metals in these phases being remobilised un-
der changing ambient conditions. Aluminium and iron were found to have the high-
est bioavailability, followed by Mn>As>Zn>Cr>Cu>Co>Pb in decreasing order. The 
highest average concentration of the investigated metal species in mine wastes and 
stream sediment samples is in silicate fraction (F4), which implies the geogenic origin 
of these elements. The primary mechanism responsible for this geochemical scavenging 
is adsorption into Fe, Mn and Al-hydroxide precipitates that are clearly in the Nestor 
Mine drainage path flowing towards the Klein Sabie River. The results showed that the 
sediments of the Sabie River System are of good quality compared to sediment qual-
ity guidelines standards. Only under the presence of strong reducing agents will the 
metals within sediments become bioavailable as most of the metal concentrations were 
recorded at 3rd and 4th fractions. 

The study confirmed the attenuation of trace metals both by dilution and precipitation 
from the water into sediments. Sediments of the Sabie River system are of good quality as 
the majority of elements are partitioned on the third and fourth fractions, which are not 
bioavailable. Consequently, AMD mediated release from the Nestor MTSF is not consid-
ered to have a significant impact on the surrounding Sabie River system. 
Keywords: Bioavailability, Potential Toxic Elements, Speciation, Sabie River System, 
Geochemical modelling

Speciation of Metals in Sediments of the Sabie 
River System by Sequential Extraction

 Rudzani Lusunzi1,2, Frans Waanders2 
1Council for Geoscience, Economic Geology & Geochemistry Unit, 280 Pretoria Road, Silverton, 0184, 

Pretoria, South Africa
2Water Pollution Monitoring and Remediation Initiatives, Research Group (WPMRIRG), School of Chemi-

cal and Minerals Engineering, North-West, University, Potchefstroom, South Africa

Introduction 
The increased accumulation of trace elements 
(TEs) in soils because of anthropogenic 
activities poses a number of risks to human 
and ecosystem health, including bio- and 
water resources (Adriano et al., 2004). Excess 
trace element exposure can endanger human 
health through the food chain or through 
direct contact with or ingestion of soil borne 
TEs, such as the soil-human or soil-water-

human pathways. In addition, because of the 
toxicity of TE contaminants to plants and 
soil-dwelling organisms, environmental risks 
may arise (Mench et al., 1998; 2000). Recently, 
the environmental impacts of the seepages 
of elevated metal species, sulfate-rich, low 
pH water from gold mine tailings storage 
facility (MTSF) of Nestor in the Sabie, South 
Africa have been reported (Lusunzi, 2018). 
In addition, the tailings from the Nestor 
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Figure 1 Location of the study area 

MTSF were classified as acid producing 
based on the acid base accounting (ABA) and 
mineralogical data compared to the adjacent 
Glynns Lydenburg MTSF (Lusunzi et al., 
2018). The remediation of contaminated 
sediments and soil requires a detailed in 
situ characterization of the speciation of the 
potential toxic elements (PTEs) and their 
transformation with respect to time and 
spatial distribution.

In this study, the use of sequential 
extraction was combined with speciation-
solubility as well as inverse modelling in 
order to understand better the partitioning 
and transport of metal species emanating 
from gold MTSFs in the Sabie Goldfield as 
well as the Sabie River system.

Study Area
The Sabie River system is in South Africa’s 
Mpumalanga Province (Fig. 1). There are 
MTSFs from abandoned mines as well as 
forestry and agricultural activities in the 
catchment area. Furthermore, the area 

includes rural and semi-urban residential 
areas, wastewater treatment plants, and waste 
disposal sites.

Methods 
The Sabie River system included a reprocessing 
mine tailings storage facility (MTSF) and a 
tailings pond that collected rainwater. During 
the winter (dry) season (July/August 2020), 
tailings (NS01 and GL00), water, and stream 
sediment samples were collected.

Sediment samples were collected 
concurrently with water samples, and 
samples containing a large amount of water 
were centrifuged to extract pore water. The 
Communities Bureau of Reference method 
(BCR) was used for sequential extraction 
(Rauret et al., 1999). The leaching protocol 
was used to determine the environmentally 
extractable metal fractions, which were 
exchangeable (F1), reducible (F2), oxidisable 
(F3), and residual (F4) (F4). Metal species 
concentrations in the resulting leachates 
and acidic solutions were determined 
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using inductively coupled plasma mass 
spectrometry (ICP-MS). The PHREEQC 
geochemical modelling software was used 
for speciation-solubility, inverse, and forward 
modelling (Chalton and Parkhurst, 2002).

Results and discussion
Overview of water analyses
Table 1 summarises the onsite measurements 
of the water samples collected along the 
Sabie River system. The water samples 
(seepages) from the Nestor MTSF has low 
pH (2.34) together with dissolved oxygen 
(5.99 mg/L), high redox potential (253.0 
mV) and electrical conductivity (24500 
µS/cm) compared to surface water from 
the Sabie River system. However, water 
decanting from the Ritfontein Mine adit 
(RT00) has alkaline pH (9.05), low redox 
potential (-123.8 mV) and EC (167.7 µS/
cm). Based on the PHREEQC geochemical 
modelling results, the most cations from the 
Nestor MTSF have abundant sulfate species, 
namely, Ca, Mg, Fe, and Cu while Cr is 
mostly present as a free cation. 

All the surface water samples from the 
Sabie River system have alkaline pH (8.67 to 
10.33) and low EC (78.9 to 267.0 µS/cm) that 
is within the SANS241 (2015) guideline as 
well as acceptable DO (7.52 to 8.67 mg/L) and 
redox potential (-123.8 and -60.3 mV). Most 
chemical species occurs as cations (Ca, Mg, 
Fe, and Mn) with the exception of Al, Cr, and 

Table 1 Range of highest percentages of speciated forms of metals measured in seepages water from the  
Nestor Mine

Element Speciated forms % Range

Ca CaSO4 (aq) 66,2

Ca2+ 35,3

MgSO4 (aq) 61,1

38,9

Fe FeSO4 (aq) 67,3

Fe2+ 32,7

Al AlF2+ 56,3

Al(SO4)2- 11,7

AlSO4
+ 9,4

Al3+ 2.4

Cr Cr2+ 98,4

CrOH+ 1,6

Cu
 

CuSO4 (aq) 66,3

Cu2+ 31,9

Cu that occurs as complexes with hydroxides 
(Al and Cr) and carbonate (Cu) respectively. 
The Al species is mostly  AlOH4- in alkaline 
water  (>80%).

Table 1 displays the analytical results of 
the water samples collected along the Sabie 
River system including mine water (leachates 
from the Nestor MTSF: NS01 & NS02; and 
water decanting from the Rietfontein Mine 
adit: RT00). Metal species in the seepages 
from the Nestor MTSF occurs in excess to 
the SANS2241 (2015) and WHO (2011) 
guidelines while the surface water from 
the Sabie River and connected streams are 
within the limits. The effect of the pH on 
metal mobility is obvious for the seepage 
sample from the Nestor MTSF (NS01) that 
has an average Fe concentration of 3004 
mg/L whereas the dilution effect is evident 
on samples from the Sabie River system has 
acceptable Fe values of less than 1 mg/L.

Sequential extraction and speciation  
solubility
Results obtained for the sequential extraction 
in the Sabie River system are summarised in 
Table 3. The sample collected near the main 
Nestor MTSF (NS01) has all high metal species 
concentrated in the exchangeable fraction 
(F1) with an exception of As. However, the 
metal species are highly partitioned on the 
inert fraction at the Glynns Lydenburg MTSF 
(GL00), except Mn.  
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Table 2 Range of highest percentages of speciated forms of metals in surface water of the Sabie River system

Element Speciated forms % Range

Ca Ca2+ >98

CaCl, CaSO4, CaHCO3+ <1

Mg Mg2+ >98

MgOH, MgF, MgCl <1

Fe Fe2+ >96

feH+, FeCl, FeSO4 (aq), FeHCO3 <1

Al AlOH4- 89,3

Al3+,Al(OH)2+, AlOH <1

Cr CrOH+ 99.4

Cr2+ 0,6

Cu CuCO3 (aq) 56,4

CuOH+ 13,6

Cu2+ 5,6

Mn
 

Mn2+ 65,8

MnCO3 5,6

Table 3 Analytical results of water samples from the Sabie River system

Sample 
ID

Al 
(mg/L)

As 
(mg/L)

Ca 
(mg/L)

Cl 
(mg/L)

Cu 
(mg/L)

Cr 
(mg/L)

Fe 
(mg/L)

Mg 
(mg/L)

Mn 
(mg/L)

Zn 
(mg/L)

SO4 
(mg/L)

NS01 261.8 26.80 61,2 47.3 74.94 2.89 3004 7,66 8.09 15.47 3650

RT00 0.03 ND 11,99 4.1 0.06 0.007 ND 7,98 0.30 ND 6.0

SB01 0.01 0.01 4,37 1,5 0.02 0.02 0.05 3,3 ND ND 1,7

SB02 0.08 ND 8,53 3,5 ND 0.01 0.12 5,82 0.05 0.01 5,2

SB03 1.53 0.02 8,53 5,8 ND 0.02 0.79 5,96 0.03 ND 3,4

GW01 0.09 0.04 18,23 3,3 0.04 0.01 0.88 12,57 0.11 ND 5,7

KS01 0.14 0.01 12,01 4,5 0.02 0.02 0.24 8,81 0.06 ND 9,1

KS02 0.03 0.02 13,43 5,7 0.01 0.02 0.32 9,34 0.01 ND ND

MC01 ND ND 10,01 4,4 0.003 0.004 0.123 5,9 0.005 ND 34,2

RT01 0.032 ND 12,35 2,7 0.058 0.007 ND 5,3 0.301 ND 1,1

SK01 0.042 ND 5,2 2,5 ND 0.006 0.071 4,8 0.025 ND ND

SANS241 
(2015)

0.3 0.01 ≤300 0.02 0.005 2 0.4 0.05 ≤500

WHO 
(2011)

0.1 0.01       0,4 2  

Conclusions
All metal species from the Nestor MTSF 
are bioavailable as were found partitioned 
in the exchangeable fraction. The majority 
of metal species (As, Al, Fe, Co, Cr, Cu, 
Ni, Pb, and Zn) in the Sabie River system 
(including the Glynns Lydenburg MTSF) 
are apportioned on the residual fraction, 
implying that they are not bioavailable. There 
are high concentration of Mn partitioned on 
the exchangeable and Fe-Mn oxide fractions 
respectively, especially in the upstream of 
the Sabie River system. This is unimportant 

because significant concentrations of Mn 
can co-precipitate with carbonates such as 
dolomite and calcite that are present. Based 
on onsite analyses and analytical results, acid 
mine drainage was confirmed at the Nestor 
MTSF. However, water from the Sabie River 
system was found to be neutral-alkaline with 
low metal species concentrations, implying 
that there is no acid mine drainage. The 
PHRREQC modelling results showed that 
cation exchange was important in regulating 
the chemistry of surface water in the Sabie 
Catchment area.
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Table 4 Speciation of metal species in the Sabie River system

Sample 
ID

Fraction
As

Concentration (mg/L)

Al Co Cr Cu Fe Mn Ni Pb Zn

NS01

F1 615.1 1951 22 38 167 67110 264 50 1 77

F2 6.08 1.2 0 0 0 329 0.1 0.2 0.1 0

F3 2.2 0 0 0 0.4 49 0.2 0 0.04 0.2

F4 135.88 46 0 0.5 1.2 906 3.1 4.7 0.92 18

GL00

F1 0.52 27 0 0 1 27 148 3.7 0.02 10

F2 0.5 6.6 0 0 0 290 63 1.1 0.02 2

F3 37.18 15 0.2 0.2 3.5 275 12 0.4 0.92 5.3

F4 450.16 465 0 16 14 15718 72 14 5.92 89

SB01

F1 0.02 131 0.1 0 0 40 143 1.8 0.06 1

F2 0.02 110 0 0 0 654 57 0.3 0.08 2

F3 0.38 1339 2.2 8.7 3.9 617 18 2.7 1.84 2.3

F4 7.2 11313 5 56 21 22811 107 28 3.84 81

SB02

F1 0.72 98 1.4 0 0.1 102 204 4.9 0.12 9.6

F2 1.18 65 0 0 0 1183 46 0.3 0.18 5

F3 8.44 925 1.3 5.9 31 585 18 3 2.72 3.8

F4 151.4 8126 2.7 27 33 17596 72 17 5.16 67

SB03

F1 0.12 46 0 0 0 132 17 1.1 0.06 0.3

F2 0.22 7.1 0 0 0 504 4.8 0.3 0.04 0.3

F3 0.6 121 0 0.8 0 111 3.5 0.3 0.2 0.8

F4 4.44 752 0 4.6 1.3 1728 14 3.1 0.48 36

GW01

F1 0.12 89 0 0.9 0 234 251 1.9 0.4 3.8

F2 0.1 21 0 0 0 336 184 0.1 0.3 0.4

F3 1.34 285 1.8 5.8 0 210 43 2.4 1.66 1.3

F4 6.42 1652 0.5 28 2.3 4510 90 11 1.58 53

KS01

F1 0.82 116 3.6 0 3.6 37 377 8.7 0.12 46

F2 1.12 52 0 0 0 1282 61 2 0.18 16

F3 6.72 1555 3.3 8.6 25 1066 37 10 4.74 18

F4 90.94 7611 2.4 32 34 20269 171 22 9.18 97

KS02

F1 0.08 105 0 0 0 80 62 1.7 0.08 0.2

F2 0.08 9 0 0 0 579 13 0.3 0.04 0

F3 0.56 144 0 0.7 0 96 6.3 0.3 0.2 0.2

F4 3.7 908 0 6.3 1.4 1927 18 3.7 0.6 30

SP01

F1 0.22 52 2.3 0 9.3 15 246 3.4 0.46 2.5

F2 0.18 20 8.8 0 1.6 447 301 2.3 0.42 1.1

F3 5.62 382 7.6 3 14 209 107 6.3 3.14 2.6

F4 76.94 3449 8.8 39 27 11804 180 26 6.64 62

RT01

F1 0.28 316 1.7 0 333 120 71 2.8 0.28 6.8

F2 0.84 120 0 0 48.3 928 68 0.4 1.6 1.2

F3 7.3 683 0.1 0.4 29 120 5.8 0.3 1.08 1

F4 25.88 5020 0 3.6 26 4535 25 2.9 3.88 46
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Abstract
After mining ceased in the Witwatersrand goldfields various risks were identified due to 
flooding of the mine voids. In response to these challenges, it was recommended that the 
water level must be maintained below a set environmental critical level. The water has 
since risen above the set level. However, the water quality in the mine voids has shown a 
gradual improvement over time. Therefore, rational planning for the remediation of mine 
water pollution should involve intensive treatment of initial discharges to deplete vestigial 
acidity, followed by long-term in-situ and/or passive treatment of the juvenile acidity.
Keywords: Mine Voids, Acid Mine Drainage, Acidity, Environmental Critical Level
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Introduction 
Mining is a vital contributor to economic, 
social and environmental sustainability in 
South Africa. Economically, mining attracts 
investors while, socially, it improves people’s 
quality of life by creating employment. Mines 
began to close as accessible resources were 
depleted. Pumping ceased around 2000 
in the Central basin of the Witwatersrand 
Goldfields. Water levels recovered after the 
cessation of pumping.

Mining is associated with profound 
environmental impacts and continues to 
negatively affect the environment. Coetzee 
et al (2011) have identified risks owing to the 
flooding of mine voids in the Witwatersrand 
Goldfields. The risks identified in the 

Witwatersrand Goldfields include; 
contamination of shallow groundwater, 
geotechnical impacts, seismic impacts and 
ecological impacts. In response to these 
challenges, the Team of Experts on Acid 
Mine Drainage recommended that the water 
be maintained at a certain environmental 
critical level (ECL). Currently, the mine void 
water is being managed through pumping 
and treating the water as well as ingress 
control measures (fig. 2).

Younger (1997) explained how mine 
water in the mine voids changes over time 
by analysing water quality records for major 
abandoned mine discharges in Scotland, 
Wales and Cornwall. It was established that 
long-term acidity generation in mine voids 

Figure 1 High-density sludge acid mine drainage treatment plant (a) and a canal for ingress control (b).

a) b)
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comprises two components: vestigial and 
juvenile.

The vestigial component occurs as 
abandoned mine voids fill with water for the 
first time, dissolving intermediate products of 
pyrite oxidation into a solution such as ferrous 
and ferric hydroxy sulfate salts. Depletion of 
vestigial acidity is primarily controlled by the 
hydraulic retention time of the flooded mine 
system and usually lasts for less than 40 years. 

Juvenile acidity arises from ongoing 
pyrite oxidation in the zone of water table 
fluctuation within the mined system. This can 
be expected to continue for many hundreds 
of years until the supply of pyrite is finally 
exhausted (Younger (1997)). 

In summary, the duration of mine water 
pollution is a function of the rate of depletion 
of vestigial acidity and the scope for the 
generation of juvenile acidity. Vestigial acidity 
is primarily controlled by hydraulic factors, 
such as:
1. The volume of the interconnected, 

flooded, mine system (depletion being 
fastest where systems are small and flow 
paths short); 

2. Hydraulic connectivity and conductivity 
of the mine system (depletion being 
fastest in the most highly connected and 
highly conductive systems);

3. Rate of recharge (hydrological residence 
times will be shorter where recharge is 
higher).

The generation of juvenile acidity is very 
important when pyrite oxidation can occur 
above a fluctuating water table. In the context 
of the Witwatersrand, above the water level, 
other soluble iron minerals (siderite, ankerite 
etc.) are present. This will diminish over time 
if acid-producing mineral sources are depleted 
by dissolution in the shallow workings. This 
may require several centuries in typical 
systems (Strömberg and Banwart 1994).
This study assessed the changes in mine 
void water in the Central basin of the 
Witwatersrand Goldfields for appropriate 
long-term management of mine water to be 
recommended.

Methods 
Water in the mine voids is being managed 
through pumping and treatment using high-
density sludge technology. The resultant 
sludge is placed back into the mine voids. 
The daily water levels and water chemistry 
data from the treatment plants in the 
Witwatersrand Basin were analysed and 
plotted on a time series graph to obtain clear 
pictures of the changes in the water quality as 
the water levels changed in the mine voids. 
The water quality and level data before the 
treatment plant was constructed in 2014 is 
not available.

Results and Discussion  
The evolution of the water chemistry in the 
mine voids situated in the Central Basin 
has been gradually improving between 2014 
and 2020 (fig.2). This resulted due to main 
reasons:
1. During the treatment of mine water 

through the high-density sludge 
treatment system, the resultant sludge 
is disposed of into the mine voids. This 
has residual alkalinity that causes in-situ 
neutralisation of the pH and results in 
the improvement of the water quality.

2. According to (Younger, 1997) long-term 
acidity generation is shown to have two 
components (vestigial and juvenile 
acidity). The vestigial component relates 
to the geochemical processes that occur 
as abandoned mine voids are allowed 
to fill with water for the first time, 
taking ferrous and ferric hydroxy sulfate 
salts (intermediate products of pyrite 
oxidation) into solution.

The dissipation of vestigial acidity is primarily 
controlled by the hydraulic retention time of 
the flooded mine system, and will generally 
be accomplished in less than 40 years. The 
mines in the Central basin stopped mining 
around 2000 and were left to flood. The 
secondary products of pyrite oxidation 
(FeSO4.7H2O, FeSO4.4H2O, FeSO4.H2O and 
Fe2+.Fe4

3+(SO4)6(OH)2.20H2O) were dissolved 
resulting in the water quality characterised 
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Figure	2	The	trends	of	the	water	levels	and	water	chemistry	in	the	mine	voids	in	the	Central	Basin	
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oxidation	(FeSO4.7H2O,	FeSO4.4H2O,	FeSO4.H2O	and	Fe2+.Fe43+(SO4)6(OH)2.20H2O)	were	dissolved	
resulting	in	the	water	quality	characterised	by	low	pH	and	high	sulfate	and	metal	concentration.	
In	2014,	when	the	treatment	plants	were	built,	vestigial	acidity	has	been	exhausted.	The	ongoing	
juvenile	 acidity	 (from	 ongoing	 pyrite	 oxidation)	 remained	 the	 only	 source	 of	 pollution	 in	 the	
water.		

Figure 2 The trends of the water levels and water chemistry in the mine voids in the Central Basin

by low pH and high sulfate and metal 
concentration. In 2014, when the treatment 
plants were built, vestigial acidity has been 
exhausted. The ongoing juvenile acidity (from 
ongoing pyrite oxidation) remained the only 
source of pollution in the water.

The generation of this kind of acidity is 
very slow as it requires O2 availability and 
bacterial catalysis. In the flooded mines 

means that O2 ingress to facilitate pyrite 
oxidation was minimised. In conjunction 
with in-situ neutralisation from the disposed 
of sludge back into the mine void resulted in 
improved water quality.

The treatment plant in the Central basin 
was designed to handle acidic water containing 
high concentrations of metals. The water 
quality in the mine voids is showing gradual 
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improvement (with circumneutral pH and 
low concentration of metals). Therefore the 
treatment plants will become inappropriate 
as the water continues to improve. Long-term 
sustainable mine water management such as 
passive treatment needs to be considered if 
the trends that were observed in this study 
continue.

Conclusions
There is a gradual improvement in the water 
quality in the mine voids in the Central Basin 
of the Witwatersrand Goldfields. This could 
be due to exclusion of O2 due to flooding. 
and in-situ neutralisation of the mine water 
owing to the disposal of the sludge from the 
high-density sludge treatment plants into the 
mine voids. The current pH of the mine void 
water is around 5 and 6.

In this regard, continuous monitoring of 
the water quality is required to inform long-
term sustainable mine water management in 
this area.
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Abstract
Pit lakes often present environmental risks due to poor water quality. However, hydraulic 
terminal sink water balances can prevent transport of contaminated pit lake waters to 
receiving environments.

Closure of the T5 pit void in Western Australia was expected to result in Acid and 
Metalliferous Drainage (AMD). However, predictive modelling indicated that, if not 
backfilled above long-term equilibrium water levels at closure, the pit lake would func-
tion as a hydraulic terminal sink. 

Monitoring over four years validated a terminal pit lake water balance such that 
AMD was evapoconcentrated and stored within the pit lake, preventing transport of 
AMD to the receiving environment.
Keywords: Pit lake, AMD, Terminal sink, Australia, Mine closure 
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Introduction 
Pit lake water quality risk
Pit lakes often present environmental risks 
due to poor water quality. However, in an arid 
climate, pit lake evaporation rates can exceed 
influx rates, causing the lake to function as 
a hydraulic terminal sink, with water levels 
in the pit remaining below surrounding 
groundwater levels (Castendyk, 2011). A 
negative pit lake water balance may prevent 
transport of contaminated pit lake waters to 
sensitive receiving environments as either 
through-flow or flow-through pathways.

Study site
Tallering Peak iron ore mine is located in the 
semi-arid Midwest mining region of Western 
Australia, approximately 175 km east of 
Geraldton and 300 km north of Perth. The 
mine consisted of mined pits and associated 
waste rock dumps (T3, T4, T5 and T6). 
The Tallering Peak Operation commenced 
production in 2004 and was concluded 
in mid-2014 after ten years of continuous 
production

The Mt Gibson Tallering Peak project 
regional geology is characterised by Archaean 
meta-sediments and volcanics with hematite/

magnetite-quartz Banded Iron Formations 
(BIFs), chloritic sedimentary/volcanic 
horizons and some dolerite intrusions 
(1:250,000 Yalgoo Sheet Geology Series Map). 
The geology of the T5 pit is granite bedrock 
with hematite/magnetite BIF intrusions 
and some dolerite dykes overlain by surface 
alluvium. The BIF sequence is striking 
north-west/south-east, steeply dipping with 
dolerite dykes crossing perpendicular to the 
BIF intrusions. Tertiary alluvial colluviums 
surround the site and have also been deposited 
along drainage channels to the south of the 
Tallering Peak project. Some geologies are 
strongly potentially acid forming (PAF).

Regional groundwater in the study area 
occurs within a semi-confined fractured 
aquifer system with unconfined porous 
medium aquifers in weathered zones 
and alluvium. Groundwater flow follows 
topography towards the Greenough River 
to the south-west of the site. Pre-mining 
groundwater levels adjacent to the T5 pit in 
2001 indicated average groundwater levels 
of 239 m AHD. Groundwater levels are 
predominately recharged by rainfall recharge 
of 1–2 mm per year and is brackish at 2,000–
4,000 mg/L total dissolved solids (TDS).
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Closure strategy
The T5 pit lake closure strategy is discussed 
in detail as a case study in McCullough et al. 
(2013).

Disposal of mining waste at the bottom 
of pit lakes is often a preferred management 
strategy (Puhalovich & Coghill, 2011; 
Schultze et al., 2011). However, regulatory 
requirements for a fully backfilled pit void 
was predicted to form a through-flow system 
which would therefore be likely to introduce 
AMD into regional groundwater and toward 
a seasonal creek line in the south-west. 
Furthermore, there was a 5% chance after 35 
years that the fully backfilled pit water level 
would discharge to these surface waters of the 
Greenough River catchment. 

Water balance modelling indicated the 
T5 pit lake would function as hydraulic 
terminal sink if not backfilled above long-
term equilibrium water levels at dewatering 
cessation in 2013. This terminal sink closure 
strategy was preferable to a complete backfill 
strategy that would result in AMD transport 
to regional surface and groundwater receiving 
environments. 

The partially backfilled option for the T5 
pit was based on a known volume of backfilled 
PAF material. After closure, the void was 
expected to fill mostly through groundwater 
inflows and reach an equilibrium level 
around five years thereafter. Equilibrium final 
pit lake water levels would be above backfill, 
with PAF oxidation rates reduced by this 
subaqueous placement (Gammons, 2009). A 
final evaporative sink was predicted to also 
entrain AMD contaminated waters away 
from sensitive environmental receptors such 
as a nearby ephemeral creek which flows into 
the Greenough River. 

Nevertheless, pit lake groundwater 
interactions are not well understood (Schultze 
et al., 2022) especially so in fractured rock 
geologies, and water balance modelling can be 
difficult under these conditions (Castendyk et 
al., 2015). Assumptions of evaporation rates 
as a pit lake fills can also be over-estimated 
(McJannet et al., 2017). This paper reports 
on surface and groundwater level and quality 
monitoring to examine the performance of 
this closure strategy for the T5 pit lake.

Methods
Water quality sampling
Water quality sampling was in accordance 
with McCullough et al. (2010); Gammons 
and Tucci (2011).

T5 water column profiles were made 
twice-yearly from 2013–2016 with a 
multiparameter water quality meter for 
temperature, pH, dissolved oxygen (as % 
saturation) and specific conductance (SC) 
and water level height was recorded. Water 
samples were also collected from surface 
and bottom pit lake waters with a van Dorn 
sampler. Groundwater samples were taken 
from an established piezometer network 
around the T5 pit lake (fig. 1), especially 
downgradient, and depth to groundwater was 
recorded.

Water samples were analysed for a suite 
of inorganic solutes including metal(loid)
s on an Inductively Coupled Plasma-Mass 
Spectrometer/Atomic Emission Spectrometer 
(ICP-MS/AES). 

Data analysis
Time-depth profile contour plots were created 
for physico-chemical pit lake water quality 
parameters collected during the monitoring 
period. Piper plots were prepared from solute 
concentration data to define water sample 
sites. Groupings of sampling points were 
undertaken based on major ion chemistry 
and geographical location. A contour plot 
was prepared to demonstrate surface and 
groundwater level relationships in 2016.

Results
Contour plots for pit lake temperature suggest 
thermal vertical stratification occurring as 
expected over summer and autumn months 
(fig. 2). This stratification is typical of Western 
Australian pit lakes which usually stratify 
once seasonally as a monomictic lake (Kumar 
et al., 2013). Dissolved oxygen was restricted 
to surface waters during this time due to this 
mixing inhibition. pH of the T5 pit became 
more acidic over time. 

Alkaline backfilled geologies and 
groundwater appeared to initially buffer acidity 
produced through oxidation of PAF material 
in pit wall geologies and as waste backfill. 
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However, a minimum pH of 3.6 was recorded 
near the end of the monitoring period.

Two distinct water types were defined 
by major ion concentrations (fig. 3). Type 1 
water included samples collected from the 
T5 pit, T6 pit and sampling point TPK531. 
Type 2 water included all remaining sampling 
points surrounding the T5 pit. Generally, 
Type 1 water demonstrated lower pH and 
alkalinity, and elevated EC, Ca, Mg, SO4, Al, 
Co, Cu, Mn, Ni and Se concentrations with 
respect to Type 2 water samples.

Following three years of filling, the pit lake 
was around 20 m depth and 3.5 ha area. A 
strong groundwater gradient existed toward 
the T5 pit lake (fig. 4). A similar gradient 
presented to the T6 pit void to the east.

Conclusions
Pit lake water balance modelling indicated that 
the T5 pit lake would function as an evaporative 
hydraulic terminal sink if not backfilled above 
long-term equilibrium water levels at closure. 
This terminal sink closure strategy for a pit lake 
with water degraded by AMD was preferred 

Figure 1 Location of MGI piezometers and pit lake voids in 2013.

by regulators and other key stakeholders to 
the previously required complete backfill 
strategy that was expected to result in AMD 
transport to regional surface and groundwater 
receiving environments with subsequent 
degradation of their socio-environmental 
values. A case for relinquishment of mining 
tenements associated with the T5 pit lake was 
submitted to regulators in mid-2019. After 
reviewing the case, regulators confirmed that 
the groundwater and pit lake data presented to 
validate the terminal pit lake closure strategy 
was adequate and no further monitoring was 
necessary.

Although a terminal pit lake water balance 
may be a preferred closure strategy for some 
pit lakes, decision-making assessments 
(including comprehensive risk assessments 
e.g. (McCullough & Sturgess, 2020)) should 
form part of all pit lake water balance 
strategies (Vandenberg et al., 2022).
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Figure	2	Depth/time	contour	pro.iles	for	mean	T5	hydrochemistry	2013–2016.	Clockwise	from	top	left:	
temperature	(oC),	pH,	dissolved	oxygen	(%	saturation)	and	speci&ic	conductance	(mS/cm).	

Figure 2 Depth/time contour profiles for mean T5 hydrochemistry 2013–2016. Clockwise from top left: 
temperature (°C), pH, dissolved oxygen (% saturation) and specific conductance (mS/cm).
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Figure	3	Piper	plot	of	2015	groundwater	and	pit	lake	water	quality	samples.	

	

	
Figure	4	2016	MGI	T5	Pit	Lakes	and	Groundwater	Levels.	

Figure 3 Piper plot of 2015 groundwater and pit lake water quality samples.

Figure 4 2016 MGI T5 Pit Lakes and Groundwater Levels
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Abstract
Management of acid producing materials is critical to responsible mining using best 
practicable approaches to protect the environment and ensure effective mine closure 
that achieves closure objectives. At Cypress Mine the pyritic Kaiata Mudstone changes 
geochemically from potentially acid forming (PAF) at the base to non-acid forming 
(NAF), determined by acid base accounting (ABA), as part of a marine transgression 
sequence, but changes back to PAF at the ground surface. A drill program together 
with ABA testing was initiated to determine the PAF and NAF material quantities for 
mine closure planning.  A reliable relationship between p-XRF calcium and laboratory 
analysed acid neutralisation capacity (ANC) was determined.  This relationship was 
used to create a geochemical block model for the project area, which has facilitated the 
development of a materials schedule.
Keywords: Acid and Metalliferous Drainage, AMD, p-XRF, material schedules
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Introduction 
The Cypress Mine is owned by BT Mining 
and is located adjacent to the Stockton Mine 
on the Stockton Plateau, 35 km northeast 
of Westport, South Island, New Zealand. 
Cypress Mine is key to Stockton Mine’s future 
as a blending partner for metallurgical coal 
exports. Stockton is a historical mine and 
extends back to 1906 while Cypress Mine 
commenced operation in 2014 and is in a 
pristine, high value ecological valley. The 
mine plan for Cypress was in 2 stages and 
started with a boxcut on the valley floor 
followed by a push-back into the flanks of the 
Mt William Range.

The coal is contained within the acidic 
Brunner Coal Measures, which is overlain 
by the pyritic Kaiata Mudstone. Much of the 
Kaiata Mudstone has been eroded from the 
Stockton Plateau, leaving a wedge along the 
eastern margin of the plateau against the Mt 
William Fault of the Mt William Range where 
the Cypress Mine is located (Nathan 1996). 

The Kaiata Mudstone has an average 
total sulfur of 1.6 wt% but can be up to 4 
wt% and is highly reactive (comprised of 
reactive framboidal pyrite) (Weber et al. 
2006). At Cypress Mine the pyritic Kaiata 
Mudstone changes geochemically from 
potentially acid forming (PAF) at the base to 

non-acid forming (NAF), determined by acid 
base accounting (ABA), as part of a marine 
transgression sequence, but changes back to 
PAF at the ground surface. 

It is important for BT Mining to ensure 
the material classification of PAF and NAF 
are correct as there is currently an excess of 
PAF material and a deficit of NAF material 
in Cypress. The majority of waste rock is 
stored on the ex-pit Northern engineered 
landform (NELF) which has 2.75 Mm3 PAF 
and produces ~1,000 t H2SO4/yr.  Some of 
the PAF within the NELF will be placed back 
within the Cypress pit as backfill.  This will be 
capped by NAF, which is limited, as part of 
the final cover design.

Any NAF being placed with PAF results 
in the loss of a valuable resource. If PAF is 
dumped on the NAF dump it will decrease 
the integrity of the NAF dump and limit 
future reuse and closure options for the NAF 
such as cover construction and rehabilitation 
activities.

The original 2018 geochemical block 
model was a good working model for the 
original valley floor boxcut. However, 
BT Mining faced issues with material 
classification once the push-back started 
as the PAF and NAF material model had 
significant uncertainties due to limited drill 
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data in the push-back. This resulted in PAF 
and NAF materials being sent to the wrong 
facility. 

The model was based on the net acid 
producing potential (NAPP) value where 
NAPP was greater than or less than 0 kg 
H2SO4/t. This NAPP = 0 surface was fit for 
purpose for the boxcut in the valley floor but 
proved to be inadequate for the push-back 
leading to: contaminated NAF stockpiles; 
NAF materials being disposed of as PAF; and 
the introduction of a low acid forming zone 
(due to model uncertainty with this zone 
containing both PAF and NAF materials). 
Additional in-pit sampling was also required, 
which incurred additional costs as well as 
production delays.

In 2021 a drilling program was 
undertaken in the push-back to develop a 
new geochemical block model. These samples 
were analysed by the pXRF and validated 
with laboratory testing.

Methods 
A reverse circulation (RC) drilling program 
(50 holes) was undertaken in late 2021 in 
Stages 3 and 4 of the Mt William push-back 
targeting the NAPP = 0 surface, which is ~30 
m above the interface with the Brunner Coal 
Measures. The RC drill produces a reasonably 
dry and fine, homogenised drill-chip, which 
was directly analysed with the pXRF.

Each of the 50 RC holes ranged in depth 
between 9 and 48 m and 1,019 m of drill-chip 
was collected. Each meter of drill-chip was 
riffle split to obtain a sample of ~2 - 5 kg and 
these samples were analysed 4 times with the 
pXRF. A total of 318 samples were selected to 
be sent to the laboratory for analysis for total 
S (wt%) and ANC to determine the NAPP 
value.  NAPP was determined by:

NAPP (kg H2SO4/t) = (wt%S*30.6) – ANC 
(kg H2SO4/t)
where a NAPP value >0 is PAF and ≤0 is NAF.

pXRF-S and pXRF-Ca analyses were 
corrected for the blank and calibration 
reference samples, then the 4 analyses were 
averaged to give a single result for each 1 m 
of drill core. Samples sent to the laboratory 
were selected based on the geochemical 

model with samples being selected from 
the transition zones from PAF to NAF as 
well as some longer sections to ensure any 
relationships held across all samples. A 
relationship was established between the 
pXRF-Ca and laboratory NAPP values which 
formed the basis of the block model.  

During the development of the geochemical 
block model any unclear transitions between 
PAF and NAF were assessed to see the 
variation in NAPP value as well as the trend 
of the surrounding holes and where the 
surface would geologically and geochemically 
align. If there was no clear understanding of 
where the NAPP = 0 surface should lie then a 
conservative approach was undertaken.

Results
Comparison of the results for pXRF-S and 
laboratory total S% showed that the pXRF is 
not sufficiently sensitive to detect the small 
changes in sulfur that occur throughout the 
Kaiata Mudstone. Data indicates that sulfur 
content only has a minor change within the 
project area and is not the determining factor 
for classification of PAF or NAF.

A good relationship between pXRF-Ca 
and laboratory ANC and NAPP was 
established with a degree of certainty – R2 
of 0.76 and 0.72 respectively (Figure 1). For 
the creation of the geochemical block model 
samples only need to be classified as PAF or 
NAF (i.e., NAPP >0 for PAF and NAPP ≤0 for 
NAF) and a pXRF-Ca value of 14,000 mg Ca/
kg was determined to represent this change in 
the material from PAF to NAF. 

Using this cutoff value of 14,000 mg Ca/
kg the pXRF-Ca and laboratory NAPP value 
were in agreement 90% of the time and are 
within NAPP -5 to 5 for 95% of the time, 
meaning that about half of the samples 
incorrectly classified by the pXRF are low 
acid forming zone (Figure 2). 

At ~14,000 mg Ca/kg pXRF-Ca there is 
commonly a distinct change with a sudden 
drop in Ca value to the 1,000’s for PAF 
from the 10,000’s for NAF (Figure 2). This 
occurs for both the upper and lower NAPP 
= 0 surfaces. Consequently, 14,000 mg Ca/
kg pXRF-Ca was selected as the cutoff in the 
pXRF-Ca data to define PAF and NAF. This is 
supported by the laboratory data (Figure 2).
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Figure 1 Graphs showing the correlation between pXRF-Ca and laboratory ANC (R2 = 0.76) and pXRF-Ca 
and Laboratory NAPP (R2 = 0.72).

 

The results showed that there are 2 
surfaces within the data, which is consistent 
across the drillholes with the lower surface 
occurring at ~30 m above the interface with 
the Brunner Coal Measures and the upper 
surface occurring ~5-10 m below the ground 
surface.

From the data collected from the drilling 
program a geochemical block model was 
developed for use in daily operations at 
Cypress Mine. The block model has 2 NAPP 
= 0 surfaces.

 

Figure 2 Comparison of allocation of NAF (green) and PAF (red) for the pXRF-Ca and SGS NAPP values. 
For the pXRF-Ca there is often a step change from the 1,000’s for PAF to 10,000’s for PAF.

Discussion
The Kaiata Mudstone was deposited 

in the Late Eocene during a marine 
transgression (Flores et al. 1996) and the 
geochemical change from PAF at the base 
of the formation to NAF higher up due to 
the steady transgression through to the Nile 
River Limestone (i.e., increasing carbonate) 
(Nathan 1996), which resulted in increasing 
Ca. There is a minor decrease in S with 
younger lithologies, but it was not sufficient 
or consistent enough to reliably affect the 
NAPP prediction of the material. Rather it 
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is the carbonate content that controls NAPP 
and can be used for the prediction of AMD 
potential using the pXRF. 

Results from the pXRF work and validated 
by the laboratory analyses show that it is 
possible to reliably predict acid producing 
potential from the Kaiata Mudstone, in 
particular from the sediment from the 
RC drill, when Ca is used as the indicator 
element with a cutoff of 14,000 mg Ca/kg. 
Work with the pXRF-S show that S is not a 
reliable indicator of acid producing potential.

For the development of the geochemical 
block model only a binary result of either 
PAF or NAF was required and this increased 
the correlation between the pXRF-Ca and 
laboratory NAPP results to 90%. However, 
when the NAPP values are set to between 
-5 and 5 kg H2SO4/t, indicating that the 
material has low acid producing potential, 
the correlation between the pXRF-Ca and 
laboratory NAPP values increases to 95%.

The geochemical model shows a wedge 
of NAF Kaiata, which is terminated to the 
east by the east dipping Mt William Fault, to 
the west, at surface, by the westerly dipping 
topographic surface and at depth by the 
underlying stratigraphically controlled 

PAF Kaiata (Figure 3). The lower NAPP 
= 0 surface is stratigraphically controlled 
and is ~30 m above the interface with the 
underlying acidic Brunner Coal Measures 
and is analogous to the original NAPP 
surface from the boxcut. The upper NAPP = 
0 surface is topographically controlled and is 
likely a leaching zone on the flank of the Mt 
William Range. This surface was unknown 
prior to this work.

Prior to the development of this 
geochemical block model a single NAPP = 0 
surface was used which was suitable for the 
boxcut on the valley floor. However, when 
the pushback into Mt William ranges was 
started PAF was occurring in unexpected 
zones which led to increased in-pit sampling, 
production delays or NAF being disposed 
of on the PAF dump to avoid production 
delays, planning for a low acid forming dump 
and PAF being deposited on the NAF dump 
decreasing its integrity. The development 
of the new block model has alleviated these 
issues.

The geochemical block model NAPP 
surfaces are used every day by the operations 
team and are a fundamental part of all 
overburden stripping plans where the 

 
Figure 3 The geochemical block model showing a wedge of NAF Kaiata Mudstone created using the pXRF-Ca 
data and validated by laboratory ABA analyses. The model shows 2 NAPP = 0 surfaces with the NAPP upper 
surface being topographically controlled and the NAPP lower surface being stratigraphically controlled (block 
model created by Phillip Fick).
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material type changes across the flitch. There 
is conservatism built into the system bought 
about through the method of stripping. The 
stripping blocks are 3 – 5 m high horizontal 
flitches and the NAPP surfaces are dipping. 
Therefore, with a vertical dig face there is a 
wedge of NAF in each flitch that is taken as 
PAF material. This means that any undulation 
in the NAPP surfaces has little to no effect on 
the integrity of the NAF dumps. The result 
of the introduction of the new block model 
is that the old NAF dump has an average 
NAPP value of -5.5 H2SO4/T whereas the new 
NAF dump has an average NAPP value of -19 
H2SO4/T.

The establishment of the relationship 
between pXRF-Ca and NAPP means that 
in-pit operational decisions regarding 
uncertainty in PAF or NAF can be dealt 
with instantaneously rather than waiting in 
excess of 24 hours for laboratory results. This 
ensures no production delays, loss of NAF or 
incorrect material designation.

As mining progresses south the block 
model will be extended as the mining area 
is extended and cleared for stripping. This 
will ensure the continued correct material 
designation for the life of mine.

 
Figure 4 Schematic of the flitches in-pit which transition from PAF to NAF showing that a wedge of NAF is 
taken as PAF material above the lower NAPP surface. The PAF/NAF line on the Engineers digplans relates 
to base of the flitch to ensure no PAF ends up on the NAF dump.

Conclusions
The use of the pXRF in determining the acid 
producing potential has been proven to be 
successful for use in the Kaiata Mudstone 
at Cypress Mine. The implementation of 
the new geochemical block model has been 
critical to operational activities to ensure 
the correct material designation of PAF and 
NAF. This has allowed for a decrease in in-pit 
sampling, costs associated with production 
delays and NAF being dumped on the PAF 
dump as well as increasing the integrity of 
the NAF dump, which is a scarce resource 
required for closure and the protection of the 
waterways.
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Abstract
This paper outlines the effects of temperature as a controlling factor for density stratification 
in a flooded analogue model mine called the Agricola Model Mine (AMM). It is 4 × 6 m 
large and consists of four shafts and four levels. Mine water stratification results from 
density differences of the fluid controlled by physical properties including primarily 
temperature and total dissolved solids. It might be used as an in-situ remediation method. 
This study focuses on the effects of temperature on the stability of density stratification.
Keywords: Stratification, Abandoned Flooded Underground Mines, Mine Water, Mine 
Closure, Post Mining Remediation

Introduction 
The purpose of this study is to determine 
controlling factors for water stratification in 
flooded underground mines in an analogue 
(physical) model mine. A laboratory based 
experiment was performed using the Agri-
cola Model Mine (AMM). It is a physical 
representation of interconnected mine shafts 
and levels. Mine water flooding models vary 
therefore, helping to understand the release 
of potential contaminants from abandoned 
mines and they can be aided to model flows 
in flooded underground mines. 

Mining plays a critical role in the degra-
dation of the environment, especially on 
ground and surface water quality (Northey et 
al. 2019; Ochieng et al. 2017). It is therefore 
important to understand the environmental 
effects of mining activities, as this plays 
an essential role in developing mine water 
management as well as mine closure plans. It is 
essential to understand the water chemistry in 
abandoned mine workings prior to pumping 
to alleviate lower quality of water pumped 
from flooded mines. Such practices can be 
effectively incorporated in water treatment 
plans to reduce related financial costs 
(Wolkersdorfer et al. 2016). It is imperative to 
understand in situ ground water dynamics to 
implement remediation or treatment facilities

Hydrochemical stratification in flooded 
underground mines can result from flooding 
mine workings due to the cessation of 
pumping (Adams and Younger 2001; Denimal 
et al. 2005). Nuttall and Younger (2004), define 
stratification as layering of different water 
bodies with varying chemical composition and 
Wolkersdorfer (2008) defines stratification as a 
function of the water density. Parameters such 
as pH, temperature, Eh, electrical conductivity 
and chemical properties of the concerned 
mine body water aids in the comprehen-
sion of stratification. Wolkersdorfer (2008) 
states differences in temperature above 10K 
(Δρ>2  kg/m3), differences in total dissolved 
solid, greater than 3 % (Δρ > 20 kg/m3) or 
greater turbidity differences (Δρ > 200 kg/ m3) 
can cause stable stratification; however 
the geothermal gradient can accelerate 
stratification breakdown.

Often, the geothermal gradient is 
important, as the mine water is heated in the 
lower sections of the mine, therefore rising 
to the upper parts of the mine, resulting in 
convective mixing, as a result of density 
differences of the two water bodies (Solodov 
et al. 2002). Therefore, heat induces free 
convection, resulting in buoyancy effects 
(Berthold and Börner 2008).
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The AMM
The AMM (Figure 1) was constructed at 
Tshwane University of Technology’s Arcadia 
campus in the mine water laboratory. It is 4 × 
6 m large and consists of four shafts (shaft #1 
– #4) that can be isolated with valve systems, 
and four working levels, ranging from 65 cm 
to 305 cm depths, and it can hold a maximum 
of 153 L of water. These shafts and working 
levels were constructed with insulated PVC 
tubes mounted to the laboratory wall.

Eight temperature controlled 12 V, 137 
× 320 mm large heating foils with a surface 
temperature of 60 °C are mounted outside the 
tubes at sections 1C, 2A, 3A, 4A to simulate 
a geothermal gradient. Thermocouples are 
inserted inside the tubes at each section to 
record the fluid’s temperature while flowing 
through the AMM. Furthermore, three 
thermocouples are mounted outside the 
AMM to measure the air temperature. All 
temperature data was logged using Huato 
S220-T8 data loggers.

Additionally, the shafts can either be 
flooded individually by manipulating the 

valves or they can be flooded simultaneously. 
Sampling ports (consisting of a stop cock 
and a lure lock) are attached to the model on 
every section and used as a pathway to inject 
tracers or to take water samples. 

Methods 
Experiments ran for ±30 days by flooding the 
model and injecting tracers into the system. 
Samples were taken regularly (usually daily) 
to monitor parameters such as temperature, 
flow direction and flow patterns by injecting 
Sodium Fluorescein (uranine dye) and 
analysing it fluorometrically. Furthermore, 
electrical conductivity was measured to 
monitor stratification development at a) static 
conditions and b) stratification breakdown 
while increasing temperature using heating 
foils, representing the geothermal gradient.

Levels 225 and 305 cm were filled with 93 
L of fresh water and samples were collected 
and analysed using a spectrophotometer. 
Shortly thereafter, 60 L of brine with a 
NaCl concentration of 70 g/L and sodium 
fluorescein dye (uranine) at a concentration 

Figure 1 Schematic representation of the Agricola Mine Model (AMM) at the Tshwane University of 
Technology. Each section is numbered individually for identification purposes, and some can be separated 
from each other by valves (e.g. within sections A2 or A3).
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of 800 µg/L was pumped into shafts 2, 3 and 4 
simultaneously from the top. One CTD diver 
(Van Essen Instrument, Netherlands) was 
lowered daily into each shaft to measure the 
electrical conductivity. One baro-diver was 
used to measure the air pressure outside the 
shaft to calculate the water levels correctly. 
Initially, the experiment was conducted at 
steady state conditions to create an artificial 
density stratification, to observe the duration 
of the stabilisation, and later the heating 
foils were switched on and the temperature 
was increased constantly to break down the 
stratification.

Results and Discussion
Uranine distribution in the AMM
Two stratified water bodies were evident 
in the AMM at the commencement of the 
experiment. A 549 µg/L average concentration 
of uranine dye was measured in the highly 
mineralised layer (WM layer) and a 0 µg/L 
average concentration in the cold tap water 
layer (CF layer). Furthermore, a 402  µg/L 
average concentration was measured at the 
transitioning layers C2 – C5 and 0 µg/L (layer 
2C – 4C). During the experiment, the average 
concentration remained the same in all the 
layers, implying that the stratification was still 
stable, regardless of the temperature increase 
by the heating foils (19–20 °C). However, 
the stratification finally disintegrated, when 
the temperature was increased to 43  °C. 
On termination of the experiment, an 
even uranine distribution with an average 
concentration of 200  µg/L was observed 
across all the sections of the AMM. The 
results can be seen in a video, showcasing the 
uranine distribution throughout the duration 
of the experiment (www.wolkersdorfer.info/
Ur5video).

Flow measurement in the AMM
Flow measurements were taken with a 
flow meter located vertically at leg 2B. An 
average flow of 0.017 m/s was measured, 
with a maximum flow of 0.025 m/s and 
minimum of flow of 0.006 m/s (Figure 2). On 
the commencement of the experiment, the 
temperature on the heating foils was steadily 
increased from 19 °C to 39 °C daily for the 
first 300 hours, hence the sharp increase in 

flow from an average of 0.013 m/s to 0.020 
m/s. The flow stabilised for a while, from 300 
to 1360 hours, averaging 0.020 m/s flow rate 
and a maximum temperature of 45 °C was set 
on the heating foils. The flow then decreased 
after 1360 hours to 0.015 m/s average flow.

Laminar flow conditions prevailed very 
likely throughout the experiment as shown 
by the Reynold’s numbers at different tem-
perature measurements. A Reynold’s number 
of Re = 120 was calculated for 20 °C, Re = 134 
for 25 °C and Re = 150 for 30 °C. Regardless 
of laminar flow in the AMM based on the 
Reynold’s numbers, presence of turbulent flow 
must not be disregarded, as obstacles in the 
shafts, such as tubes, cables and other point of 
connections, inside the AMM might interfere 
with the flow (Renz et al. 2009; Wolkersdorfer 
2008). An indication for turbulent flow are 
the fluctuations of the measured parameters, 
as they are characteristic indications for 
turbulent flow conditions. 

An additional flow measuring device was 
installed horizontally at C4 four days post 
the commencement of the experiment. The 
flow measurements varied greatly from the 
previous measurements (Figure 3). A 0.008 
m/s average flow rate was recorded from 
the beginning to 205 hours, at temperatures 
ranging from 21 to 45 °C on the heating foils.

Between 200 and 1300 hours, the tem-
perature increased, and the flow rate re-
mained constant at 0.015 m/s average flow, 
with the highest temperature (45 °C) set 
on the heating foils, for this experiment. 
Consequently, the flow rate decreased 
130 hours later, averaging 0.010 m/s and 
remained constant through to the end of the 
experiment. The Reynold’s numbers were 
Re = 72 (20  °C), Re = 86 (25  °C) and Re = 
89 (30°C), thus indicative of laminar flow in 
the AMM. However, as discussed before, this 
doesn’t rule out the presents of turbulent flow 
in the AMM, resulting from obstacles present 
in the shafts and galleries.

The vertical flow rate measured in the shafts 
of the AMM seems to be higher, as compared 
to the horizontal flow rate in the galleries of the 
AMM. Temperature increase and difference in 
density, induces free convection resulting from 
buoyancy, thus resulting in heat and mass 
diffusion and possibly further accelerating 
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the flow rate (Berthold and Börner 2008). 
Therefore, the addition of the geothermal 
gradient, aided in increasing the average flow 
rate from 0.013 m/s in previous experiments 
at steady state conditions to 0.017 m/s in the 

vertical sections of the AMM. An additional 
flow meter to measure the horizontal flow rate 
was installed late in the experiment, thus there 
was no data to compare with at steady state 
conditions.

Figure 2 Flow rate in the AMM plotted against time, sensor located vertically at section 2B 

Figure 3 Flow rate in the AMM plotted against time; sensor located horizontally at section C4
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Temperature measurements
Three room air temperature thermocouples 
recorded minimum temperatures ranging 
between 14.4 and 14.8 °C and maximum 
temperatures between 28.2 and 29.0 °C 
(figure to be found at www.wolkersdorfer.
info/Ex5Temp). Air temperature increased 
gradually from the day the experiment 
commenced, and 800 hours later the 
temperature decreased abruptly for a short 
while. It remained stable and just days 
before the ceasing of the experiment, the 
measurement showed a gradual decrease in 
temperature.

A similar temperature trend was observed 
in the in situ water readings, regardless of the 
maximum temperature readings, ranging 
between 35.7 and 45.0  °C and minimum 
temperature readings, ranging between 2.7 
and 14.7 °C. The temperature in all the legs, 
started low and increased constantly due to 
the addition of energy by the heating foils. In 
the two lower levels (305 and 225) filled with 
warm mineralised water, temperature had a 
similar trend. This means that the temperature 
increased constantly and then decreased 
abruptly. A sharp drop in temperature was 
observed first in section 4B in shaft #4, 
800 hours post the commencement of the 
experiment, then followed by section 2B, in 
shaft #2, 1358 hours later. This corresponds 
to the uranine diffusion times observed at the 
respective legs.

Thereafter, the temperature increased for a 
short while, then remained constant until the 
last day of the experiment. The temperature 
trend in level 225, 145 and 65, differs from 
one another. In level 145, the temperature 
was increasing and remained constant for a 
longer time, at sections 2C, B3, 3C, B4 and 
4C, then a sharp increase was suddenly 
observed for a short while. The temperature 
at 2C was low due to the warm water from B1 
and B2, thus the colder water from section 2C 
was very likely too heavy to move upwards.

The drop was followed by an increase in 
temperature and then remained constant 
through to the end of the experiment. 
Sections 1C and B2 in level 145 behaved 
differently from the other legs in the same 
level, as the temperature increased constantly 
in section 1C for most part of the experiment. 

1600 hours later, the temperature increased 
abruptly, which might be due to the fact that 
the water in section 1C gradually warmed up 
and eventually was able to mix with the water 
in section 1D, where the heating foils were 
located. Section B2 was also an exception as 
the temperature increased constantly and 
then dropped gradually at around 800 hours, 
whereafter it started to gradually increase 
at 1400 hours and finally dropped again 
gradually. This was due to the mixing of the 
water from sections 1C, A2 and 2C, with 
varying temperature. 

Electrical Conductivity and Temperature 
Measurements
To monitor the stability and breakdown of 
the artificial density stratification, electrical 
conductivity and temperature were measured 
in each shaft using CTD divers. On the day 
the experiment commenced (Figure 4a), 100 
mS/cm electrical conductivity was measured 
in all the shafts at 200 cm depth. Exception 
was shaft #1, where the measurement in 
the two upper levels containing tap water 
was at 0  mS/cm and the temperature 
measurements were ranging between 17 and 
19.5  °C. Consequently, the temperature was 
decreasing from the sump of the shaft and was 
the lowest at the transition layer (between the 
CF and WM layers) but increasing towards 
the collars of the shafts. The high temperature 
at the bottom of the shafts were due to the 
heating foils, running at 19 and 20 °C, and 
two water bodies were visible in the AMM. 

Initially, the stratification remained stable 
at 100 mS/cm electrical conductivity at 200 
cm depth. A similar temperature trend was 
observed: the temperature was higher in 
the sumps (Figure 4b). This was due to the 
geothermal gradient running at 20 and 21 °C 
and decreased towards the transitional layer. 
However, it remained stable for a short time 
in all the shafts and thereafter increased 
steadily in shaft #4, to 21 °C. However, at this 
instance three water bodies were evident, 
in shaft 2, 3 and 4 at the transition layer. 
Heat convection cells were forming, hence 
the mixing of the water in the CF and WM 
layers, due to heat and mass transfer. This 
phenomenon was explained by Berthold and 
Börner (2008), Mugova and Wolkersdorfer 
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(2022) and Uerpmann (1980) referring to 
the transitional layer as a boundary layer, 
where fluctuations in concentration and 
temperature are indicative of heat and mass 
transfer due to free convection, also known 
as bales (Kories et al. 2004).

On day 63 post the commencement of the 
experiment, the mineralised water and tap 
water layers were completely mixed, implying 
that the stratification broke (Figure 5). The 
overall electrical conductivity for the in situ 
water in the AMM was 40 mS/cm, and the 
temperature increased to over 35 °C, in all 
sections except for section 1C.

Conclusions
Temperature addition to the AMM, had 
a paramount effect on the stratification 
stabilisation and breakdown. Stratification 
might be used as an in situ remediation 
method; however temperature control is of 
paramount importance in regulating optimal 
conditions for stratification development, 
stabilisation and breakdown. Furthermore, 
temperature differences also accelerated the 
flow in the AMM due to the development of 
convection cells from buoyancy, regardless 
of the presence of laminar flow in the AMM. 
Even though, turbulent flow in the AMM 

Figure 4 Electrical conductivity and temperature measurements, for shaft 1, 2, 3 and 4 depicting a stable 
stratification in all shafts, except shaft1 (a. 2 stratified water bodies, b. 3 stratified water bodies)

Figure 5 Electrical conductivity and temperature measurements for shafts #1, #2, #3 and #4 depicting 
stratification breakdown in all the shafts
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cannot be disregarded due to presence of 
obstacles in the AMM. The AMM, therefore, 
acts as a thermosiphon system, hence the 
development of the three water bodies, a day 
after increasing the temperature.
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Abstract
In this work, an update of the hydrological properties of 2 acidic pit lakes in the Tharsis 
mines (SW Spain) is carried out. The methodology is based on the use of the Digital 
Terrain Model (MDT), the available orthophotographs and the water balance of the 
acidic lakes. The pit lakes show the same evolution in water level due to their connections 
with underground galleries, increasi ng the water level at a rate close to 2.8 m/yr until 
2016. The water level will reach hydrological equilibrium due to the increase in the 
evaporation rate and groundwater flow reduction, which will be below the outflow level.
Keywords: Water Pollution, Sulfides, Abandoned Mines, Pit Lakes
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Introduction 
Large open pits are generated during mining 
exploitation. When the mining activity ends, 
water pumping cessation often produces 
the creation of pit lakes due to a gradual 
flooding of the open pits. The water level 
will increase until it reaches a hydrological 
equilibrium, when the water inputs are equal 
to the outputs. The outputs are commonly 
produced by evaporation from the pit 
lake, but also by surface or underground 
discharges. In sulfide mining, the waters 
stored in pit lakes are generally acidic and 
contain high concentrations of toxic metals, 
therefore their release could cause a high 
environmental impact (Castendyk, 2011; 
Boehrer et al., 2016). The intense mining 
activity developed in the Spanish part of the 
Iberian Pyrite Belt (IPB), one of the largest 
deposits of polymetallic sulfides worldwide, 
has left 22 open pits (Sánchez España et al., 
2008). Most of these mining lakes contain 
acidic waters and do not have management 
or control plans. Some of them have not 
reached equilibrium and their hydrological 
connections are not well understood (Sánchez 
España et al., 2014), therefore, it is important 
to know its evolution and apply restoration 
measures if needed. 

This problem is especially relevant in 
the Tharsis mining complex, which is one 

of the most important exploitations of the 
IPB. The geology of the area consists of four 
major south-dipping tectonic units: 1) PQ 
Group shales and sandstones, 2) massive 
sulfides and shales, 3) basalt-intruded shales 
with hydrothermal breccia bodies, and 4) 
rhyodacite sills that intrude shales. Mining 
began in Tharsis about 5,000 years ago during 
the Chalcolithic. After a period of inactivity, 
mining was restarted during the Tartessian and 
Roman periods (Gonzalo and Tarín, 1888). 
Later, there was a long period of low mining 
activity that continued until 1856, when the 
mine was rediscovered. Underground mining 
began mainly by room and pillar works in 
Filón Norte, Sierra Bullones, Filón Centro, and 
Filón Sur (Fig. 1). Open pit mining began in 
1866 in Filón Norte, and a few years later in 
Sierra Bullones and Filón Centro (Gonzalo 
and Tarín, 1888).  Mining ceased in Sierra 
Bullones in 1966 (after 100 years of intense 
exploitation), while mining in Filón Norte 
finished at the end of the 1990s. The original 
sulfide reserves in the Tharsis mine were 
approximately 133 Mt (Tornos et al., 2009). 
In the Tharsis mines there are 5 open pits, of 
which 4 of them are flooded with acid water 
(Fig.1). In addition, huge amounts of mining 
wastes are dumped around the mine, affecting 
an area of 4.13 km2 (Moreno-González et al., 
2020). Acid leachates are generated from these 
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mining wastes that deeply contaminate the 
water courses in the area (Moreno-González 
et al., 2022).

Currently, there is a project to reopen the 
mine, which will require the dewatering of 
the pit lakes and the subsequent treatment of 
acidic waters previously to its release to the 
environment. If this project is not carried 
out, it is essential to know when the overflow 
level is expected to be reached to apply 
management plans. An initial estimation was 
performed a few years ago (Moreno-González 
et al., 2018), however, this could be improved 
from additional data. Based on the concerns 
described above, the main objective of this 
study is to update the available information 
on the evolution of the water level of the 
Filón Norte and Sierra Bullones pit lakes, of 
the Tharsis mining complex, to predict their 
hydrological evolution.

 
Figure 1 Map of the Tharsis mining district showing open pits, waste dumps and acid streams.

Methods
In order to determine the evolution of the 
water level in the Filón Norte and Sierra 
Bullones open pits, orthophotographs of the 
National Aerial Orthophotography Plan were 
used until July 2019. From the flooded surface 
measured in the orthophotographs and the 
Digital Terrain Model, it was calculated the 
elevation of the water level and the volume of 
water stored (Moreno-González et al., 2018). 

The daily data on precipitation, 
temperature, solar radiation and wind speed 
have been obtained from the La Puebla de 
Guzmán meteorological station of the Junta 
de Andalucía, located about 12 km to the west 
of the Tharsis mine. Daily evaporation was 
calculated using the Penman equation (1948). 
The outputs by evaporation were obtained by 
multiplying the accumulated evaporation in 
the studied periods by the flooded surface. 
The direct precipitation on the pit lake 
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water surface and the runoff (30% of runoff 
coefficient) generated in its watershed have 
been calculated. Finally, the groundwater 
contributions to the pit lake have been 
estimated from the water balance; considering 
the variation in the volume of stored water, 
evaporation, and surface water inflows.

Results 
In the period 2001/22 the average rainfall was 
542 mm. The rainiest years were 2009/10 and 
2010/11 (maximum of 897 mm; Fig. 2). On 
the contrary, the driest years were 2004/05 and 
2011/12 (minimum value of 242 mm). From 
2013/14, there have been several dry years 
until 2018/2019, except 2016/17 (603 mm). 
The average annual evaporation obtained by 
the Penman method is 1,677 mm.

The Filón Norte pit lake began to flood 
in 2002, increasing at a rate of 2.8 m/yr, until 
reaching 185 m in July 16 (Fig. 2), following a 
linear trend (Moreno-Gonzalez et al., 2018). 
In the same way, the water level of the Sierra 
Bullones pit lake rose similarly since 2004 to 
Filón Norte (Fig. 2). This is due to the hydraulic 
connection between the two pit lakes through 
underground galleries (Moreno-Gonzalez et 

Figure 2 Evolution of rainfall in the area and water level of the Filón Norte (FN) and Sierra Bullones (SB) 
pit lakes.

 

al., 2018). In 2019, a growth deceleration of 
both open pits flooding began to be observed, 
with an increase of the water level of 2 m from 
2016 (this is 0.67 m/yr). The distribution of 
rainfall influences the changes in the water 
level of the pit lakes. As mentioned above, 
in recent years there has been a dry period. 
In this way, the lower precipitation could 
contribute to this deceleration in the water 
level. This deceleration can also be observed 
in the stored water and the flooded surface 
(Fig. 3). On the other hand, Filón Norte has 
higher values of stored water and flooded 
surface than Sierra Bullones (3.9 x 106 m3 and 
0.135 km2 in July 2019, respectively), although 
both pit lakes have a similar evolution.

Figure 4 shows the evolution of surface 
water inputs (direct rainfall and runoff), 
evaporation outputs, groundwater inputs/
outputs together with the rainfall recorded in 
each period. Average surface water inputs to 
Filón Norte were 0.15 x 106 m3/year, lower 
than in Sierra Bullones (0.20 x 106 m3/year). 
This higher water surface inputs do not agree 
with the low volume of water stored in Sierra 
Bullones (Fig. 3), which is 14% of Filón Norte. 
This is due to groundwater flow from Sierra 
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Bullones to Filón norte through underground 
galleries. In this way Sierra Bullones behaves as 
a flow-through pit lake. During the first periods 
of flooding, the groundwater outputs of Sierra 
Bullones approximately correspond with the 
groundwater inputs of the Filón Norte (Fig 
3), probably because additional groundwater 
flows would fill underground mining voids 
(Moreno-González et al., 2018). In the rest of 
the investigated period, groundwater inputs 
towards Filón Norte are higher than outputs 
from Sierra Bullones. In 2019, a reduction in 
the flow of groundwater towards Filón Norte 
was observed (Fig. 4), probably due to the 
drop in the hydraulic gradient induced by the 
pit lake water level increase (Marinelli and 
Niccoli, 2000. In addition, evaporation outputs 
progressively increase as a result of the increase 
in the flood surface (Fig. 4). Filón Norte and 
Sierra Bullones would reach equilibrium at 
228.5 m, below water outflow level of 235 m 
(Moreno et al., 2018).

Conclusions
The water levels of Filón Norte and Sierra 
Bullones pit lakes follow a similar evolution 

Figure 3 Evolution of stored water and flooded surface of the Filón Norte and Sierra Bullones pit lakes.
 

after the cease of mining at the end of 
1990’s, reaching an altitude of 187 m in 
2019, although a flooding deceleration is 
observed in the last years. This trend is also 
noticed in the stored water and the flooded 
surface values. The scarcity of rainfalls since 
2013, the groundwater flow reductions 
due to the hydraulic gradient decrease and 
the increasing evaporation have caused a 
flood deceleration of the pit lakes, which 
indicates an equilibrium between inputs and 
evaporation before reaching the outflow level. 
Sierra Bullones pit lake behaves as a flow-
through pit lake while Filón Norte would be 
a terminal one. The water level monitoring 
of the pit lakes should continue to confirm 
the reduction of the groundwater flow and 
to observe the effect of rainfall increase once 
wetter periods take place.
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Figure 4 Evolution of water surface inputs, evaporation outputs, groundwater (GW) inputs/outputs and 
rainfall of the Filón Norte and Sierra Bullones pit lakes.
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Abstract 
Mining is important for the economies of many countries but, it results in large amount 
of solid and liquid waste which is released into the environment. This waste contains 
significant amount of toxic elements which can migrate to nearby surface waterbodies 
and groundwater. In this study, the transport of elements i.e. Cr, As, Cd and Pb from 
mine dump and landfill sites to groundwater and surface water was simulated. The 
highest rate of pollution occurs within 10 years of exposure. High concentrations of 
elements in waterbodies in the vicinity of mining areas result highly from mine dump 
and landfill sites. 
Keywords: computational modelling, simulation, waste, waterbodies, Witwatersrand 
Basin

Introduction 
Large amount of wastewater is discharged into 
the environment either directly or indirectly 
and groundwater and surface water are the 
major recipients (Whitehead et al 2019). 
The release of pollutants from mining sites 
occurs primarily through acid mine drainage 
(AMD), erosion of waste dumps, and tailings 
deposits (Salomons, 1995). AMD effluent 
contains high concentrations of sulfate, 
iron (from sulfide minerals oxidation), 
aluminium, and other trace elements 
(Salomons, 1995). When sulfide minerals in 
solution are exposed to oxygen, a sequence of 
reactions leading to the reduction of the pH 
(<3) results, and some of the elements such 
as As, Se, and Cr are released (Galhardi and 
Bonotto 2016). These elements from both 
active and inactive mining areas can end 
up in nearby ponds and other waterbodies 
and, a long period of soil exposure can lead 
to infiltration to groundwater. (Izah and 
Srivastav 2015). Plants growing in the vicinity 
of contaminated sites may absorb toxic 
elements through their rhizospheres which, 
can be released when the environmental 
conditions are acidic (Osborn et al 2011). 
Residents living in under-developed areas 
such as rural e.g. villages, usually rely on 
groundwater for irrigation and drinking 

thus, high concentrations of elements in the 
contaminated water can lead to many health 
issues. For example, arsenic and chromium 
are regarded as human carcinogens even 
in very low levels of exposure (Talabi and 
Kayode 2019). 

Since soils and water sources in the vicinity 
of mining plants are susceptible to pollution, 
it is important to monitor the surroundings, 
even after the closure of some mining plants. 
This is because some of the elements can 
migrate to groundwater and negatively affect 
the ecosystem including living organisms 
(Genthe et al 2018). Moreover, residents 
using groundwater through boreholes do not 
usually have the knowledge or proper ways 
of cleaning the water before using it hence, 
they are susceptible to the negative effects 
of polluted water (Genthe et al 2018). Thus, 
it is very important to monitor the level of 
groundwater contamination in mining-
impacted areas. 

In this study, the movement of 
contaminants (chromium (Cr), arsenic (As), 
cadmium (Cd) and lead (Pb)) from landfill 
site and mining dumpsites to groundwater 
and surface water in the Central Rand of 
the Witwatersrand Basin, South Africa 
was modelled using Modular Three-
dimensional Finite- Difference Groundwater 
model (MODFLOW) and modular three-
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dimensional transport model for simulation 
(MT3DMS) (Edokpayi et al 2018). MT3DMS 
simulates solute transport by using the 
calculated hydraulic heads and various flow 
terms saved by MODFLOW (Hughes et 
al., 2017). The distribution of the elements 
from their sources was studied to determine 
the level of contamination over the next 
upcoming years. The results from the study 
will be important for decision-making 
concerning groundwater remediation and the 
urgency of application.

Methods 
The Witwatersrand Basin which is the home 
for the West Rand Basins in the Gauteng 
Province, South Africa, includes residential 
areas such as Fleurhof and Florida which 
are situated within the urban region of the 
Highveld grass veld-savannah (fig. 1). The 
Witwatersrand Basin is the world’s largest 
gold resource and has produced more 
than one-third of the world’s gold (Nkosi 
2016). Tailings dumps are the main source 
of pollution in this area and are generally 
composed of elevated proportions of 
pyrite and sulfide species. The AMD in the 
Witwatersrand Basin is largely due to seepage 
from tailings storage facilities, discharge of 
water from the flooding of abandoned gold 
mines, and discharge of partially treated water 

from operating mines (Njinga et al 2016). The 
area of interest has a short mild to cold winter 
averaged at 15°C and a warm to hot summer 
averaged at 20°C. Annual precipitation ranges 
from 600 to over 700 mm whilst the annual 
potential evaporation is averaged at 1700 mm 
(Humphries et al 2017).

The geology of the aquifer, climate, and 
anthropogenic activities can influence the 
quality of groundwater (Genthe et al 2018). 
Thus, models that can incorporate all these 
factors are of high importance in monitoring 
groundwater quality. In this context, a 
computer-based model was used for the 
modeling of groundwater as an effective and 
rapid method to predict the rate of migration 
of contaminants from their sources into 
waterbodies.

Solid samples from mine tailings and 
landfills were collected from the Central 
Rand using polypropylene containers. Other 
samples were collected several distances from 
the tailings and landfills in order to trace the 
movement and transport of the elements 
from the point source to the residential areas 
and waterbodies such as the Fleurhof dam 
and Florida Lake. The collected samples 
were digested using a multiwave GO Plus 
microwave digestion system (Anton Paar, 
South Africa). About 0.5g of the solid samples 
were added into the digestion vessels and 6, 

Figure 1 Study area and the QGIS representation of the main geographical features
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3, 3, and 2 mL of HNO3, HF, H2O2, and HCl, 
respectively, were added in each of the vessels 
which were placed in the rotor. The system 
was set to digest at 180°C. Inductively coupled 
plasma optical emission spectroscopy (ICP-
OES) (Spectro Genesis, Germany) was used 
to analyse the samples. 

Liquid samples from the Fleurhof 
dam, Florida Lake, and ponds around 
the study area (marked with blue dots) 
were also collected using polypropylene 
containers. When collecting, the containers 
were filled with the solution and closed to 
ensure minimal or no interaction with the 
atmosphere. The collected samples were 
transported to the laboratory and stored in 
the refrigerator at 4ºC. The samples were 
centrifuged and filtered before analyzing with 
ICP-OES. The current concentrations of the 
elements of interest from the collection sites 
as well as from previous years (i.e. obtained 
from previous studies) were used for the 
calibration of the model using parameter 
estimation (PEST). To do this, concentration 
data from over 50 years was included in the 
model so that the change in concentrations of 
the elements from the sources can be traced 
until the recent estimated concentrations 
(i.e. the rate of contamination). The 
calibrated model was then used to determine 
future concentrations of the pollutants over 
different years. 

Computer modelling
ModelMuse, a graphical user interface 
simulating system for running groundwater 
flow and solute transport models was used. 
Some of its advantages include spatial data 
which is grid-independent and temporal 
data which is stress-period independent thus, 
giving users the flexibility to redefine the 
spatial and temporal discretization (Lautz 
and Siegel 2006). In this study, MODFLOW 
incorporated in ModelMuse was used. The 
modular structure consists of packages and 
programs and each package deals with a 

specific feature of the hydrologic system 
that is to be simulated. In this study, the 
model solves for the hydraulic head at the 
center of grid cells, subject to groundwater 
sources and sinks (e.g. recharge, pumping, 
evapotranspiration, discharge to surface 
water) and aquifer properties (specific yield, 
storage, hydraulic conductivity). The program 
has other capabilities including transport and 
optimization (Mosase et al 2019). MT3DMS 
was used to analyse the contamination 
transport to surface and groundwater around 
the pollutant source. 

Some of the data required to run the 
MODFLOW-MT3DMS is presented in table 
1. The topography of the study area was 
obtained from the digital elevation model 
(DEM) from Earth Explorer.

Model set-up and application to the study 
area 
The Quantum Geographic Information 
System (QGIS) software was used to obtain 
the geographical information of the study 
area including the locations of Florida lake, 
Fleurhof dam, the landfills and the mine 
dumping sites (fig. 1). Earth explorer was 
used to define the coordinates of the study 
area and extract the SRTM 1 Arc-Second 
Global digital elevation model (DEM) of the 
study area which was exported into QGIS. 
The projection, EPSG:3857 – WGS 84 / 
Pseudo-Mercator format was used in QGIS 
as it contains the geographical information in 
MODFLOW otherwise the model would not 
recognize the projection, which will lead to a 
failed simulation. 

Modelmuse version 4.3.0.0 was used to 
create all the MODFLOW input files. A two-
layered MODFLOW model representing the 
underlying lithology thickness of the study 
area was created using MODFLOW 2005. 
Some of the MODFLOW parameters used 
are presented in table 2. The MODFLOW 
time was set to convert years to seconds and 
model the transport of the contaminants. 

Lithology Thickness (m) Porosity

Quartzite 60 ~ 0.22

Conglomerate 15 ~ 0.188

Table 1 The strata main strata in the Central rand Basin. 
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Results
Topography of the study area
The hydraulic head elevation of the study 
area was determined by incorporating DEM 
into QGIS. The resulting QGIS shapefiles 
and surfer grid files were transported into 
MODFLOW which determined the head 
elevation of the study area as indicated in fig. 
2. The inclusion of the head elevation in the 
simulation is very important as the transport 
and the distribution of the pollutants 
from the source to the surroundings can 
be highly influenced by topography. The 
direction of the transport of pollutants will 
be from the highest elevation to the lowest 
elevation. According to the water mass 
balance, the discrepancy between the inflow 
and the outflow is less than 0.0001 % of the 
MODFLOW simulation. The study area is 
characterized by different elevations and most 
of the area has elevation greater than 1660 m. 

Most of the mine dumping sites in the study 
area are situated in elevated positions. Thus, 
the movement of pollutants such as As, Cr, 
Cd and Pb are likely to be easily transported 
to groundwater especially during the rainy 
season (Tutu et al 2008).

MODFLOW simulation results
The results of the collected samples from 
the mine dump and landfill sites are shown 
in table 3. Chromium had the highest 
concentration of all the elements under study. 
The concentrations of all the elements were 
found to be higher than the limits set by the 
world health organization (WHO) thus, the 
transport of these pollutants to groundwater 
and surface waterbodies can result in negative 
impacts in the ecosystem. The data obtained 
from the Department of Water and Sanitation 
(DWAS) of South Africa indicated that the 
groundwater of the Central Rand has high 

Item Details

MODFLOW version MODFLOW-2005

GUI Modelmuse version 4.3.0.0

Grid size 100m

No. of rows, columns, and layers 67 columns, 48 rows, and 2 layers

Total no. of cells 3126

Model simulation type Steady-state

Length of simulation 50 years

Internal flow package Layer property flow package

Boundary packages CHD, RIV, and RCH

Table 2 Summary of MODFLOW model

Figure 2 Hydraulic heads of the study area.
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concentrations of these elements which, may 
be due to the transport from abandoned and 
operating mines as well as from mine dump 
and landfill sites. 

The transport of these elements to 
groundwater and surface waterbodies was 
simulated using calibrated MODFLOW 
model. Fig. 3 shows the transport trend of the 
elements from mine dump and landfill sites 
after 1, 10, 25 and 50 years. The transport of 
the pollutants from the source increased with 
time and spread toward the area of lower 
elevation. The trend of contamination was 
similar for all the pollutants and the difference 
was only in concentration. The maximum 
distance of transport of the pollutants 
was already reached within 10 years. The 
pollutants migrated to surface water bodies 
(Fluerhof Dam and Florida Lake) and 
groundwater. Transport to groundwater is 
highly influenced by recharge (rainfall) in the 
area. 

The seepage of the pollutants through 
the underlying rock into the groundwater 
was also simulated (fig. 4). The seepage of 
the elements highly depends on porosity 
and the water table depth. As observed, 
mining dump and landfill sites with lower 
concentrations of the elements will delay the 
migration of the pollutants to groundwater 
and sites with high concentrations will lead 
to fast transport of the pollutants. Locations 
with lower elevations were polluted faster 
than those with higher elevations. It was clear 
that the high concentration of the elements 
in mine tailings and landfill sites can migrate 
to surface waterbodies and filtrate through 
the underlying rocks into the groundwater 
leading to contamination. Groundwater in 
the vicinity of the study area might not be 
safe for human consumption thus, water 
treatment should be applied (Chetty et al 
2021).

Element Dump site A Dump site B Dump site C Dump site D Landfill A Landfill B

Arsenic (mg L-1) 3.10 2.15 5.03 0.52 1.18 2.87

Chromium (mg 
L-1)

11.64 5.59 7.14 2.11 7.42 3.5

Cadmium (mg L-1) 0.728 0.7 0.98 0.27 1.12 0.98

Lead (mg L-1)

Table 3 The concentrations of the elements in the mining dump sites and landfills.

Figure 3 The transport of the elements in the upper layer of the study area.
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Conclusion
Groundwater and surface water resources 
are important for living organisms including 
human beings. However, these waterbodies 
are prone to contamination. The transport 
of pollutants (As, Cr, Cd and Pb) in the sites 
found in the Central Rand of the Wits Basin 
were modeled using MODFLOW-MT3DMS 
model which took into account the real 
parameters of hydrology, geology, topography 
and hydrogeology. The mine dump and 
landfill sites had high concentrations of the 
pollutants which migrated to surface water 
and groundwater bodies. One year is enough 
for the concentrations for the elements to 
migrate and reach waterbodies. Due to the 
high concentrations of the elements in the 
water sources in the study area, residents living 
near mining operations and abandoned mine 
are prone to negative health effects due to 
contaminated surface water and groundwater 
when used for drinking, baptism or other 
recreational activities. There is therefore an 
urgent need for both groundwater and surface 
remediation. Moreover, the prevention of the 
transport of the pollutants can be achieved by 
phytoremediation. MODFLOW-MT3DMS 
is a useful tool to determine the transport of 
pollutants from point sources to waterbodies.
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Abstract
This study reviewed the removal of heavy and trace metals by applying kaolin on coal 
acid mine drainage (AMD). The kaolin clay was characterized using X-ray fluorescence 
(XRF) and X-ray diffraction (XRD). The effect of pH, contact time, adsorbent dose and 
initial metal concentration were determined in a batch experiment. The major chemical 
components of the kaolin clay were discovered to be SiO2 (49.69%) and Al2O3 (39.26%), 
hence the name aluminosilicate. The most important functional group of kaolin was 
O–H as an active site for binding positively charged cation. The removal efficiencies of 
the some of the metal cations increased by raising pH from 2 to 2.62. The most removal 
efficiency by using kaolin in contact time 45 minutes were 32.53% for SO4

2-, 26.10% 
for Cu, 12.50% for Ni, 84.17% for Zn and 12.38% for Mg. Therefore, this natural native 
adsorbent is able to remove SO4

2-, Cu, Ni, Zn and Mg from the authentic AMD.
Keywords: Heavy Metal Removal, Acid Mine Drainage, Adsorption, Pulverized Kaolin 
Clay, Process Optimization

Introduction 
Previous studies revealed that the acid mine 
drainage (AMD) has become one of the 
emerging environmental concern globally 
(Anawar, 2013; Maree et al., 2013; Simate and 
Ndlovu, 2014; Esmaeili et al., 2019). AMD 
is formed when the mining activities expose 
sulphur-bearing minerals (mainly iron 
sulphides) to air (i.e. atmospheric oxygen), 
moisture, and acidophilic iron-oxidizing 
bacteria, resulting in sulphuric acid, dissolved 
iron, and precipitation of ferric hydroxide 
(Idaszkin et al., 2017; Masindi, 2017; Park 
et al., 2019). This resultant sulphuric acid 
dissolves heavy metals from mined materials 
to form an acidic pH solution (<4) with 
elevated concentrations of arsenic, cadmium, 
lead, copper, and zinc. The study by Feris 
and Kotzé (2014), further states that the 
infiltration of AMD to the environment 

will pollute both surface and ground water, 
further affecting the water security. Gaikwad 
(2010); Simate and Ndlovu (2014) further 
explained that AMD can originate from 
abandoned, derelict and defunct mines, and 
is a continuing by-product of current mining 
activities.

Several techniques including chemical 
precipitation (Ramírez-Paredes et al., 2011), 
ion exchange (Ramírez-Paredes et al., 2011), 
membrane separation (Park et al., 2019), 
neutralisation (Sithole et al., 2020), reverse 
osmosis (Gaikwad, 2010) and adsorption 
(Esmaeili et al., 2019b; Motsi et al., 2009) 
are mostly used for remediation of heavy 
metals from AMD. Out of the listed above 
technologies, adsorption has been discovered 
to be the preferred technique due to its 
potential for the removal of metal ions, 
easy handling, availability of the different 
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adsorbents and the cost associated with 
procuring the adsorbent (Motsi et al. 2009). 

Clay minerals such as bentonite and kao-
lin are said to have a small particle sizes and 
porous structure with a high surface area, 
which have high efficiency for adsorption. 
and cation exchange capacity (Sadasivam and 
Thomas, 2016; Esmaeili et al., 2019b). In this 
study, kaolin clay will be studied as a potential 
adsorbent for the remediation of heavy metal 
from AMD. Kaolin is characterised as a fine 
clay mineral cream to dark brown coloured 
by iron oxide/hydroxides (Sadasivam and 
Thomas, 2016). 

To the authors’ knowledge, the inves-
tigation of mechano-chemically synthesized 
kaolin clay as adsorbent for simultaneous 
neutralization and attenuation of metal 
species and sulphate has been limitedly 
reported before. The purpose of this study 
was to synthesize a kaolin clay adsorbent 
and evaluate its ability to neutralize acidity 
and remove metal species and sulphate 
from metalliferous mine drainage in a single 
process step. 

Materials and methods
Sampling
Kaolinite was obtained from the CSIR. The 
samples were dry when received and they 
were in the particle size range of ≤32nm. There 
was no additional pre-treatment which was 
done to the sample. The samples were used 
as received from the supplier. In addition to 
the kaolin clay, two 25 litre containers of coal 
AMD for these experiments were collected 
from a disused mine shaft near Witbank, 
Mpumalanga Province, South Africa. 

Characterization of raw and treated acid 
mine drainage
The CRISON MM40 portable multimeter 
probe (manufactured in Spain by CRISON 
instruments) was used to monitor the pH, 
total dissolved solids (TDS) and electrical 
conductivity (EC). Anions such as sulphate 
was analysed using the Ion Chromatograph 
(850 professional IC Metrohm, South Africa) 
and photo spectrometer (spectroquad pharo 
model 100 Merck spectrometer, Johannesburg 
South Africa). The elemental analysis of the 
raw and treated AMD samples were analysed 

through using the Inductively Coupled 
Plasma- Optical Emission Spectrometry (ICP-
OES) (5800, Agilent, Alpheretta, GA, USA). 
The accuracy of the analysis was determined 
by utilizing the certified water standard 
reference materials (SRM 1643f) purchased 
from the National Institute of Standards and 
Technology (NIST), USA. The ICP-OES 
instrument was set by attaching a 213 nm laser 
ablation system connected to an Agilent 5800 
ICP-OES. Triplicate measurements were taken 
for each sample analysed. For every 12 runs, 
the calibration standards were run for quality 
control. A quality control standard was also 
analysed at the beginning of the run together 
with the calibration standards throughout. 
Both CRMs used for this purpose were basaltic 
glass types (BCR-2 and BHVO 2G) and were 
certified reference standards from USGS. 
To verify the ablation on fused material, a 
fusion control standard from certified basaltic 
reference material (BCR-2) was analysed at 
the beginning of run. The data was processed 
using Glitter software.

Characterization of kaolin clay material 
X-ray diffraction spectroscopy (XRD) 
analysis 
For this study, the powder X-Ray Diffraction 
patterns (XRD) PANalytical X’Pert through 
the Cu-Kα radiation with an X’Celerator 
detector (strip detector) was utilized to 
measure the mineral composition of the 
kaolin clay material. This X’Pert was capable 
of measuring both high and lower resolutions 
as well as enabling a wide range of thin 
film and powder sample analysis. The XRD 
patterns were carried out at high angles (2θ 
≈ 10 - 90°) through a step size and scan speed 
of 0.02° and 0.03° per second, respectively. A 
back loading preparatory method were used 
for the preparation of the feed and product 
materials. The phases and the relative phase 
amounts (mass %) were determined using 
Malvern PANanalytical X’Pert Highscore 
(Plus) version 5.1 software and the Rietveld 
quantitative analysis, respectively. 
X-ray Fluorescence spectroscopy (XRF) 
analysis
The analysis was done using the Thermo 
Fisher ARL9400 XP+ Sequential XRF with 
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WinXRF software. For each batch of samples, 
the blank and certified references materials 
were analysed. This was done to observe 
the accuracy of the instrument via quality 
assurance and quality control procedures.
Scanning Electron Microscopy analysis 
To obtain the morphologies as well as the 
size distribution of the kaolin material, the 
high-vacuum scanning electron micrographs 
(SEM images) were collected through a JEOL 
JSM7500 microscope. To disperse the kaolin 
samples, a carbon tape and sputter-coated 
with a thin conductive layer of gold using 
an Emitech K950X sputter coater were used. 
Energy Dispersive X-Ray Analysis (EDX) also 
known as the EDS was utilized to determine 
the elemental composition of kaolin clay 
material. This EDX system utilized was 
combined to a SEM instrument (FIB-SEM, 
Auriga from Carl Zeiss, Germany) where 
the imaging capability of the microscope 
determined the specimen of interest. 

Experimental procedures
To configure the optimum condition for AMD 
treatment, numerous operational parameters 
including the effect of contact time, kaolin 
clay dosage and pollutant concentration were 
optimized. 
Effect of agitation time
An aliquots of 500 mL of acid mine drainage 
each were pipetted into 1 000 mL flasks to 
which 5 g of the kaolin clay samples were 
added. The solutions were equilibrated for 
5, 10, 15, 30, 45 and 60 minutes at 300 rpm 
through a Stuart reciprocating shaker. After 
equilibration, the solutions were filtered 
using a 0.45 µm pore nitrate cellulose filter 
membrane. The filtered solutions were 
preserved to prevent aging and immediate 
precipitation on Al, Fe and Mn. This was 
done by adding two drops of concentrated 
HNO3 acid and refrigerating the solution 
at 4ºC before analysing with an ELAN 6000 
inductively coupled plasma Optical Emission 
Spectrometry (ICP-OES) (5800, Agilent, 
Alpheretta, GA, USA). The pH prior and 
post agitation was determined using the 
CRISON multimeter probe (model MM40). 
A separate solution was left un-acidified for 

sulphates analysis by Ion Chromatograph 
(850 professional IC Metrohm, Herisau, 
Switzerland).
Effect of dosage
An aliquots of 500 mL of acid mine drainage 
each were pipetted into 1 000 mL flasks 
and different masses (0.5 g, 1.0 g, 2.5 g, 5 
g, 10 g, and 15 g) of kaolin clay were added 
to each flask. The solution was agitated for 
an optimum time of 45 minutes at 300 rpm 
through a shaker. After shaking, the pH, 
metal and sulphates concentrations were 
analysed as highlighted in the earlier section.
Treatment of coal AMD under optimized 
conditions

The coal AMD samples were treated at 
established optimized conditions in order 
to assess the efficiency of pulverized kaolin 
clay for the remediation of AMD. The pH 
and metal concentrations were analyzed 
as discussed in the earlier section whereas 
a separate solution was un-acidified for 
SO4

2- analysis through Ion Chromatography. 
Metals concentrations were determined 
through the ICP-OES. Alkalinity and acidity 
determinations were analyzed as per the 
procedures described in Standard Methods 
(APHA, 1989) whereas, pH, EC and TDS 
were analyzed through the CRISON MM40 
multimeter probe. The resultant solid residue 
post AMD treatment were analyzed to 
understand the fates of chemical species after 
treatment.

Calculation of % removal capacity
The Equation (1) below shows the compu-
tation of % removal capacity.

(% removal)               (1)

 
Where: Co = initial concentration, Ce = equi-
librium ion concentration and V = volume of 
solution.

Results and discussion
X-ray fluorescence (XRF) analysis
The elemental composition of kaolin clay and 
AMD-Kaolin clay are depicted in Table 1.
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X-ray fluorescence analysis was conducted 
to determine the chemical composition of 
both kaolin and AMD treated with kaolin 
clay samples and subsequent alterations in 
chemical composition as a result of thermal 
treatment as shown in Table 1. The kaolin 
clay is predominantly comprised of Al and 
Si suggesting that the kaolin is an alumino-
silicate. The presence of Fe and sulphur 
demonstrate the possible adsorption of Fe 
and S during geological deposition. Kaolin 
clay material contained 39.26 wt% alumina 
and 49.69 wt% silica with SiO2/Al2O3 ratio 
of 1.79. This ratio was slightly decreased to 
1.78 for the treated AMD with kaolin sample 
which confirmed a slight decline in silica 
content in the AMD kaolin treated samples. 
Decreasing the silica to alumina ratio will 
slightly decrease the surface negativity and as 
a result decreases the adsorption capacity. The 
presence of the MgO, CaO and K2O highlight 

that they are the main exchangeable cations in 
the kaolin clay matrices. The presence of base 
cations on the kaolin clay matrices shows that 
the kaolin has a potential to neutralise acidic 
solutions (Equation 4). 

Mn+ + nOH– → M(OH)n             (4)

The AMD-reacted kaolin clay residues re sults 
indicated a raise in the concentrations of Fe and 
Mn indicating the adsorption and retention/
withholding of inorganic con taminants from 
AMD by kaolin clay. A reduction of Al, Mg, 
Ti, Ca, K and SO3 indicate that polycations of 
Fe and Mn are exchanged by those polycations 
through isomorphous substitution. This 
cor roborates the ICP-OES results (Table 2) 
which demonstrated a significant increase in 
concentrations of Fe, Mn, Cr, Al, Ca partially 
Mg in the product water.

X-ray diffraction (XRD) analysis
The mineralogical composition of kaolin clay 
is presented in Figure 1.

Mullite, quartz, hematite, kaolinite, cristo-
balite, rutile and calcite were discovered to 
be the mineral phases present in kaolin clay 
matrices. Mineral phases present in AMD-
reacted kaolin clay is further highlighted in 
Figure 2.

The AMD-reacted kaolin clay was found 
to contain mullite, quartz, hematite, basa-
nite, cristobalite, rutile and kaolinite. This 
indicates that there was mineralogical trans-
formation during the treatment of AMD. The 
introduction of bassanite to resultant solid 
residue indicates the adsorption of SO4

2- from 
AMD and an increase in Ca indicate the 
adsorption of Ca from AMD.

Scanning Electron Microscopy (SEM) – 
Electron Dispersion Spectrometry (EDS)
The SEM-EDS of raw and reacted kaolin clay 
is highlighted in Figure 3 and 4 respectively.

The SEM micrographs highlighted the 
occurrence of spherical agglomerates on the 
kaolin clay matrices at 25 µm magnification. 
The SEM-EDS results are concurring with the 
XRF results indicating Al and Si as the major 
elements. High concentrations of base cations 
such as Mg, Ca and K were also detected in 
the raw kaolin sample. Fe, Ti and Cr was also 

% Composition Kaolin clay
AMD-kaolin 
clay

SiO2 49.69 48.19

Al2O3 39.26 38

Fe2O3 1.32 2.94

MgO 0.715 0.59

P2O5 0.0955 0.0798

MnO 0.0121 0.0282

TiO2 1.52 1.47

CaO 1.89 1.11

V2O5 0.0148 0.0166

K2O 0.413 0.392

SO3 0.0229 0.0146

Cr2O3 0.065 0.0575

NiO 0.0161 0.0129

ZrO2 0.279 0.238

ZnO 0.0125 0.0148

SrO 0.0284 0.0244

Y2O3 0.0315 0.0293

LOI 4.4981 6.71391

Total 99.933 99.964

Table 1 Elemental composition of kaolinite clay and 
AMD-Kaolinite clay
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observed to be present on the feedstock; this 
might have been incorporated to clay during 
depositions and weathering processes. S and 
O were noted to be present on the kaolin 
matrices and this may be introduced to clay 
surfaces over hydrolysis and decomposition 
of organic compounds.

From Figure 4, the SEM micrographs 
pre sented minor modification in the kaolin 
clay morphology since the spherical agglo-
merates are still unbroken suggesting that 
the reaction of kaolin clay and AMD did 
not affect the mechanical structure of kaolin 
clay. Elemental composition indicate that 

the resultant residues are predominantly 
characterised by Si, O and Al hence the name 
alumino-silicate. Fe was also observed to be 
present, this may be due to low ion exchange 
for kaolin and adsorption as a result of slight 
pH increases. This indicates that kaolin clay 
increased the Fe concentration and can be 
further substantiated by a substantial Fe 
increase in the treated water, proving that 
Fe has been precipitated by kaolin clay. The 
drastic decrease in concentration of Mg, Cr 
and K on the secondary residue (Figure 4) 
and a slight decrease in the treated AMD 
(Table 2) demonstrated a relative a low 

Figure 1 Mineralogical composition of kaolin clay

Figure 2 Mineralogical composition of AMD-reacted kaolin clay
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exchanged cation. Ca and Ti was found to 
raise in the resultant residues indicating 
the presence of calcite. Sulphur was also 
found to have risen in the resultant residues 
suggesting that the kaolin clay mineral is a 
sink of sulphur from AMD. 

Batch experiments
Results for optimization of adsorption and 
metals attenuation conditions are presented 
in Figure 5 – 8 respectively.

Effect of agitation time
Variations in the concentrations of Fe, Al, 
Mn, SO4

2- and Zn with an increased agitation 
time is depicted in Figure 5a, whereas the 
variations in concentrations of Ca, Mg 
and conductivity levels with an increased 
agitation time is depicted in Figure 5b.

As depicted in Figure 5a and 5b, it can 
be seen that there was a raise in pH level 
with an increase in agitation time. From 
1 – 45 minutes of agitation, the pH of the 

Figure 3 Morphology and elemental composition of raw kaolin clay

Figure 4 Morphology and elemental composition of reacted kaolin clay
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solution was found to have raised from 2.2 
to > 2.57. Subsequently, no substantial pH 
change was observed. The concentration of 
Zn was noticed to decline with an increase in 
agitation time. After 45 minutes, > 84% of Zn 
was removed from the ADM solution. This 
result is in agreement with the study by Ali 
et al, (2020); which demonstrated that kaolin 

can be utilised as an alternative adsorbent 
to remove Zn from AMD. With regards to 
SO4

2- removal, it was also noticed that its 
concentration decrease with an increase in 
agitation time. More than 28% of SO4

2- was 
removed prior to 15 minutes of agitation and 
subsequently, no substantial removal in SO4

2- 
was noticed. Ca, Mn, Fe, and Al removals 

Figure 5a Effect of agitation time on adsorption and removal of Al, Fe, Mn, Zn and Sulphate (5g kaolin clay, 
32 µm, 300 rpm shaking, 25 ºC).

Figure 5b Effect of agitation time on adsorption and removal of Ca, Mg and EC (5g kaolin clay, 32 µm, 300 
rpm shaking, 25 ºC).
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were noticed to decreases with an increase 
in agitation time. Above 100% concentration 
of Ca, Mn, Fe and Al was introduced with an 
increase in agitation time. 
Effect of pulverized kaolin clay dosage
Variations of Fe, Al Mn, SO4

2- and Zn con-
centrations in relation to an increase in kaolin 
dosage is depicted in Figure 6a, whereas the 
variations of Ca, Mg and conductivity levels 
with an increase in kaolin dosage is depicted 
in Figure 6b.

The effect of kaolin dosage for the atten-
uation of inorganic contaminants in AMD 
was determined at 45 minutes of agitation. 
Figure 6a and 6b depicted a slight increase 
in pH of the AMD in relation to an increase 
in kaolin clay dosage. The pH increased 
from 2.2 – 2.62 making it appropriate for 
attenuation of some con taminants in AMD. 
The insignificant pH increase may be due to 
the calcite dissolution in kaolin clay matrices 
as revealed by XRD. The release of base 
earth alkali metals owing to isomorphous 

Figure 6a Effect of kaolin dosage on adsorption and removal of Al, Fe, Mn, Zn and Sulphate (AMD, 32 µm, 
45 mins, 300 rpm shaking, 25 ºC).

Figure 6a Effect of kaolin dosage on adsorption and removal of Ca, Mg and EC (AMD, 32 µm, 45 mins, 300 
rpm shaking, 25 ºC).
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substitution by polymeric species of Al3+ and 
Fe3+ may also add to an increase in pH of 
the supernatants. The removal effectiveness 
of metals species was observed to increase 
with an increase in kaolin clay dosage. The 
adsorption affinity at 5 g was found to be Zn 
> SO4

2- > Mg > Mn > Al > CA > Fe. Therefore, 
5 grams was considered the optimum dosage 
for the attenuation of contaminants in AMD.

Treatment of AMD under optimised 
conditions
The physicochemical composition of raw 
and kaolin clay treated acid mine drainage is 
shown in Table 2.

Table 2 highlights that the AMD under 
the study is predominately characterised by a 
very acidic pH (<2) together with high loads 
of electrical conductivity (EC). This is mainly 
as a result of high concentrations of Fe, Al, 
Mn, Ca, Mg and SO4

2-. Cu, Zn, Pb, Ni, and 
Cr are also available traces. The existence of 
Fe suggests that the mine effluent was formed 
from weathering of pyrite. The concentrations 
of SO4

2-, Cu, Ni, Pb and Zn were noticed to 
have slightly decreased post AMD treatment. 
Base cations were also available in solution 
at elevated concentration suggesting that 
as the metal species are adsorbed onto clay 
surfaces, base cations are replaced through 
cation exchange. Ca was observed to have 

increased after the AMD treatment suggesting 
the possible adsorption of calcite (Figure 1) as 
shown by XRD. Trace metals of Cu, Cr, Pb, Zn 
and Ni were also observed to decrease slightly. 
This may be defined by exchange of low density 
cations from clay matrices in exchange of 
those chemical species. Even though some of 
the chemical have been slightly reduced using 
the kaolin clay, it can be seen that further 
improvement on the material is still required 
to meet the water quality requirements to 
ensure compliance to stringent regulations 
that governs water quality. 

Conclusions
The utilization of pulverized kaolin clay 
for neutralisation and removal of heavy 
metals from coal AMD has shown good 
performances on certain water quality 
parameters (Zn, Cu, Pb, Cr and SO4

2-) in 
reclaiming polluted water. XRF showed 
the material used in the study is alumina-
silicate due to the predominant of Al and Si 
minerals. SEM micrograph further revealed 
no alteration to the morphology of kaolin 
clay after reacting with AMD. The reaction of 
AMD with the pulverized kaolin clay resulted 
in a slight raise in pH and slight reduction 
in major metals concentrations. EC was 
observed to increase post AMD treatment 
with kaolin clay hence indication possible 

Parameter Units Feed water Kaolin treated AMD

SO4
2- mg/L 15000 0 – 500 10656

Fe mg/L 1800 3500

Mn mg/L 98 0 – 0.05 122

Cr mg/L 0.09 0.01 0.22

Cu mg/L 0.59 0 – 1 0.3

Ni mg/L 1.6 0 - 0.07 1

Pb mg/L 0.2 0 – 0.01 0.09

pH @ 25°C pH units 2 6 – 10 2.6

Al mg/L 500 0 – 0.9 1800

Electrical Conductivity @ 25°C mS/m 1709 0 – 700 1999

Zn mg/L 120 0 – 0.5 10

Ca mg/L 495 0 – 32 1200

Mg mg/L 622 0 - 30 501

Table 2 Physicochemical composition of raw and kaolin clay treated acid mine drainage
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release of base cations to aqueous solution 
through ion exchange processes. Optimum 
condition of using pulverized kaolin clay was 
observed to be 5 g of adsorbent dosage and 
45 minutes of equilibration. Notwithstanding 
that some major cations were slightly re-
moved from AMD, a further refinement on 
the material is required to further remove the 
major cations to achieve drinkable standards. 
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Abstract
Platinum and palladium are scarce precious metals that can end up in waste streams 
during mineral processing. There is therefore a need to develop efficient recovery 
methods. In this study, a novel silica-anchored acylthiourea adsorbent was prepared by 
first synthesizing the N,N-di(trimethoxy-silyl-propyl)-Nʹ-benzoylthiourea (DTMSP-
BT) ligand followed by its immobilization onto silica gel. The recovery of Pt and Pd 
aqueous solutions by DTMSP-BT-SG was investigated at different conditions that 
mimic mining wastewaters. The significant recovery (>95%) of Pt and Pd observed at 
pH 2, 0.5 mg L-1 dosage and 5 mg L-1 concentration makes the adsorbent an excellent 
extracting agent that can be utilized by mining wastewater industries.
Keywords: Adsorption, Acylthioureas, Mining wastewater, Platinum group metals
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Introduction 
The platinum group metals (PGMs) are 
known for their excellent physical and 
chemical properties which make them 
important components in applications such 
as catalysts, electronics, medical equipment 
and jewellery (Bernardis et al. 2005). These 
precious metals also form critical components 
of the renewable energy revolution which is 
currently underway and is a result of the global 
push to reduce greenhouse emissions (Wang 
et al. 2017). However, the rising industrial 
demand of these metals coupled with their 
depleting natural resources and the complex 
processes associated with their recovery has 
made them scarce (Bernardis et al. 2005). 
Thus, great emphasis has been placed on the 
recovery of PGMs from alternative sources 
such as refinery wastewater and to develop 
economically feasible recovery methods 
(Barakat 2011; Mosai et al. 2020). 

The adsorption process, which utilizes 
a solid support such as zeolite, chitosan, 
silica gel, bentonite is known to be an 
effective technique for the removal of 
metal ions from waste solutions with low 
metal concentrations (Mosai et al. 2020; 
Barquist 2009). Furthemore, adsorption has 
advantages including low operating costs, 
high removal efficiency, short operation 

times and tunability of the solid support (Jal 
2004). These reasons have motivated this 
study to develop an efficient adsorbent that 
can be utilized in the recovery of PGMs from 
waste solutions in order to meet the surging 
demands and to reduce pollution (Barakat 
2011).

Silica gel is an amorphous and porous 
form of silicon dioxide that is characterized 
by the siloxane (≡Si-O-Si≡) and the silanol 
(≡Si-OH) functional groups (Barquist 
2009). It has a high thermal and mechanical 
resistance, and its surface can be modified 
with various organic ligands with metal 
chelating abilities that will act to improve 
its efficiency, sensitivity, and selectivity 
in analytical applications (Jal 2004). 
Acylthioureas serve as a class of organic 
compounds that can be immobilized onto the 
silica surface. They have a rich coordination 
chemistry since they contain multiple hard 
and soft donor atoms (O, N, S) that can 
bind to metal ions such as Pt and Pd, thus 
allowing for efficient recovery (Nkabyo et 
al. 2021). Acylthioureas are also non-toxic, 
non-sensitive, odourless and can be readily 
prepared from cheap reagents in high yields 
through a facile two-step, one pot synthetic 
procedure (Douglas and Dains 1934). 
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Methods 
Chemicals and instruments
The synthetic reagents and analytical 
grade Pt and Pd standard solutions (5% 
w/w of c(HCl)) used in the experiments 
were purchased from Sigma Aldrich. To 
characterize the DTMSP-BT ligand, 1H and 
13C NMR spectroscopy (Bruker Avance III 
400 MHz) were used. 13C Solid State NMR 
was also used for characterization of the 
DTMSP-BT-SG adsorbent. The functional 
groups of both DTMSP-BT and DTMSP-
BT-SG were determined using Fourier 
transform infrared spectroscopy (FT-IR) 
(Bruker Tensor 27 spectrometer). The 
chemical composition of the unmodified 
silica gel and DTMSP-BT-SG were 
determined using X-ray fluorescence (XRF).

Synthesis of DTMSP-BT and its immobili-
zation onto silica gel
The synthetic procedure described by 
Douglas and Dains (1934) was adopted and 
modified in preparation of the acylthiourea 
ligand. Benzoyl chloride (1.2 mL/ 10 mmol) 
in dry acetonitrile (15 mL) was added into 
a solution of potassium thiocyanate (1 g/ 10 
mmol) and anhydrous acetonitrile (20 mL). 
The reaction mixture was refluxed for 1 h 
at 80 °C to yield a benzoyl isothiocyanate 
intermediate which was cooled down to room 
temperature. The acetonitrile was removed 
under vacuum to isolate the intermediate. 
Anhydrous dichloromethane (DCM) (20 mL) 
was added to the intermediate followed by 
the addition of bis(3-(trimethoxysilyl)propyl)
amine (3.12 mL/ 9.5 mmol) in DCM (20 mL). 
The reaction mixture was stirred overnight at 
40°C and the resultant product was cooled 
to room temperature and filtered. The DCM 

of the filtrate was removed under  reduced 
pressure  and the product was obtained as an 
orange viscous liquid.

The procedure (fig. 1) reported by Erdem 
et al. (2011)  was used to functionalize the 
silica gel with DTMSP-BT. Silica gel (0.50 g) 
and 0.01 M acetic acid (20 mL) were mixed 
for 10 min to activate the silanol groups on 
the silica surface. The mixture was filtered 
using suction and washed with distilled 
water before added to a solution of toluene 
(20 mL) and DTMSP-BT (0.30 mL). The 
reaction mixture was left to reflux for 20 h at 
110°C and the resultant product was a yellow 
liquid containing the silica particles. The 
reaction mixture was cooled and filtered. The 
functionalized silica particles were washed 
with toluene and  dried at 80 °C for 8 h.

Batch adsorption studies
Batch experiments were carried out by adding 
the relevant adsorbent mass and 20 mL of the 
metal solution into centrifuge tubes (50 mL) 
to study the effect of adsorbent dosage (5-50 
mg), pH (2-9), concentration (0.5-50 mg 
L-1) and contact time (10-1440 min) on the 
recovery of Pt and Pd by DTMSP-BT-SG. The 
samples were agitated until equilibrium using 
an elliptical benchtop shaker. The samples 
were filtered and the concentration of Pt and 
Pd was determined with inductively coupled 
plasma optical emission spectroscopy (ICP-
OES). The adsorption capacity, qe (mg g-1) 
and efficiency were determined using Eq. 1, 
and Eq. 2, respectively.

qe = 

2	
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where C0 (mg L-1) is the initial metal 
concentration, Ce (mg L-1), is the equilibrium 
metal concentration, V (L) is the solution 
volume, M (g) is the adsorbent mass used. 

Results and Discussion 
Characterisation
The successful ligand synthesis was confirmed 
using 1H NMR and 13C NMR spectroscopy 
(fig. 2a) which showed the presence of the 
expected 20 carbon signals of DTMSP-BT 
and the deshielded thiocarbonyl (C = S) and 
carbonyl (C = O) signals at 180.18 and 163.57 
ppm, respectively. The successful addition of 
DTMSP-BT onto the silica gel was confirmed 
by the 13C Solid-State NMR spectra in fig. 2b 
that illustrates the appearance of the carbon 
signals as well as the C = S and C = O groups 
onto the silica gel. 

The FT-IR spectra (fig. 3) of both 
DTMSP-BT and DTMSP-BT-SG also 
confirmed the synthesis of the ligand and 
its functionalization onto silica gel. This 
was noted by the C = O stretch at 1685 cm-1, 
and the N-H stretch at 3256 cm-1 in both 
the free ligand (DTMSP-BT) and adsorbent 
(DTMSP- BT-SG) spectra. The C = S stretch 
of acylthiourea ligands is known to occur 
around 800-1500 cm-1 (Nkabyo et al. 2021). 

 
Figure 2 (a) 13C solution NMR spectrum of DTMSP-BT (b) stacked with the 13C solid-state NMR spectrum 
of the DTMSP-BT-SG.

The broad siloxane group (Si-O/Si-O-Si) 
of the silica gel was observed around 1000-
1200 cm-1 and its strong infrared absorption 
masks other functional groups in this region 
(Issa and Luyt 2019). XRF indicated that 
the unmodified silica gel was dominantly 
composed of SiO2 (89.2%), which decreased 
to 68.6% upon functionalization of the silica 
gel with DTMSP-BT.

Effect of adsorbent dosage and pH
The effect of adsorbent dosage on the 
adsorption of Pt and Pd by DTMSP-BT-SG 
was investigated at pH 2 and 5 mg L-1. 
The results indicated that the adsorption 
efficiency increased with adsorbent dosage 
due to increased amount of the binding 
sites (Ramakul et al. 2012). The adsorption 
efficiency was found to be >98% for Pt and 
>95% for Pd, thus there was favourable 
adsorption of both metals onto DTMSP-
BT-SG. The pH of a solution is known affect 
the speciation of metals and adsorbent surface 
charge (Mosai et al. 2020). The effect of pH 
on the adsorption of Pt and Pd by DTMSP-
BT-SG was investigated at 5 mg L-1 and 10 
mg. The results in fig. 4b, indicated that the 
adsorption efficiency for Pt decreased with 
increasing pH until pH 5, thereafter increased 
from pH 5-8, whilst for Pd the efficiency 
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Figure 3 The superimposed FT-IR spectra of silica gel, DTMSP-BT, and DTMSP-BT-SG.
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decreased from pH 2-8. The high adsorption 
of Pt and Pd observed at pH 2-3, can be 
deduced to occur through ion-pairing, where 
the dominant and stable Pt and Pd species 
(PtCl62-, PtCl42-, PdCl42) are attracted to 
the positively charged adsorbent surface. As 
the acidity of the metal solution decreases 
beyond pH 3, aquo chloro complexes i.e. 
(PtCl5(H2O)-, PtCl4(H2O)2, PdCl3(H2O)− 
and PdCl2(H2O)2) begin to form, hence 
the observed decrease in adsorption (Zhou 
et al. 2010). However, the recovery was still 
significant (>95%).  At higher pH values, the 
donor atoms (O,S,N) no longer function as 
ion-exchangers or form ion-pairs with the 
metals but coordinate to the metal species 
through their lone pairs, hence adsorption 
still takes place  (Tu et al. 2011).

Effect of concentration
The effect of initial concentration on the 
recovery of Pt and Pd by DTMSP-BT-SG was 

Figure 4 Effect of (a) mass and (b) pH on the recovery of Pt and Pd (time = 4 h, temp = 25 °C)
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investigated at pH 2 and 5 mg L-1 (fig. 5a). The 
adsorption efficiency for Pt and Pd was high 
between 2-10 mg L-1 and thereafter decreased, 
with increasing concentration (Ramakul et al. 
2012; Tu et al. 2011).

Adsorption Isotherms
The Langmuir, Freundlich, and Dubinin-
Radushkevic (D-R) isotherm models were 
used to fit the concentration data in order to 
describe the equilibrium relationship that is 
established between the adsorbed metals and 
DTMSP-BT-SG. The Langmuir isotherm (Eq. 
3) assumes that the surface of the adsorbent 
is homogenous with a finite number of sites 
that have equal energies and are equally 
available for adsorption, therefore monolayer 
adsorption of the elements onto the adsorbent 
sites will be assumed (Sevim et al. 2020). 
The Freundlich (Eq. 4) assumes that the 
adsorbent’s active sites are unequal and have 
different energies, therefore adsorption takes 
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place onto a heterogeneous surface (Sevim 
et al. 2020). Lastly, the D-R isotherm (Eq. 5) 
describes the adsorption mechanism between 
elements and adsorbents with Gaussian 
energy distribution onto a heterogenous 
adsorbent surface, furthermore, this 
model can also be used to confirm whether 
adsorption takes place through chemical or 
physical adsorption (Tu et al. 2011).

 (3)

 (4)

 (5)

where qm (mg g-1) is the maximum monolayer 
coverage, KL (L mol-1) is the Langmuir 
isotherm constant, Kf ((mg g-1)/mol L-1)1/n) 
is the Freundlich isotherm constant, n is 
adsorption intensity, Xm (mg g-1) is the D-R 
theoretical saturation capacity, Kad (mol2 (kJ2)-

1) is the D-R isotherm constant and ε (Eq. 6) 
is the Polanyi constant calculated as:

 (6)

where R (8.314 J (mol. K)-1) is the universal 
gas constant and T (K) is the absolute 
temperature.

The D-R isotherm constant can also be 
used to estimate the mean free energy (Es) 
(Eq. 7) of adsorption (Tu et al. 2011). The 
value of Es (kJ mol-1) can be used to validate 
the type of adsorption process that takes 
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the	dominant	and	stable	Pt	and	Pd	species	(PtCl62-,	PtCl42-,	PdCl42)	are	attracted	to	the	positively	
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significant	 (>95%).	 	 At	 higher	 pH	 values,	 the	 donor	 atoms	 (O,S,N)	 no	 longer	 function	 as	 ion-
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Figure	4	Effect	of	(a)	mass	and	(b)	pH	on	the	recovery	of	Pt	and	Pd	(time=	4	h,	temp=	25	°C)	
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The	 effect	 of	 initial	 concentration	 on	 the	 recovery	 of	 Pt	 and	 Pd	 by	 DTMSP-BT-SG	 was	
investigated	 at	 pH	 2	 and	 5	 mg	 L-1	 (fig.	 5a).	 The	 adsorption	 efficiency	 for	 Pt	 and	 Pd	 was	 high	
between	2-10	mg	L-1	and	thereafter	decreased,	with	increasing	concentration	(Ramakul	et	al.		
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hence	the	observed	decrease	 in	adsorption	(Zhou	et	al.	2010).	However,	 the	recovery	was	still	
significant	 (>95%).	 	 At	 higher	 pH	 values,	 the	 donor	 atoms	 (O,S,N)	 no	 longer	 function	 as	 ion-
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investigated	 at	 pH	 2	 and	 5	 mg	 L-1	 (fig.	 5a).	 The	 adsorption	 efficiency	 for	 Pt	 and	 Pd	 was	 high	
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The	 D-R	 isotherm	 constant	 can	 also	 be	 used	 to	 estimate	 the	 mean	 free	 energy	 (Es)	 (Eq.	 7)	 of	
adsorption	 (Tu	 et	 al.	 2011).	 The	 value	 of	 Es	 (kJ	 mol-1)	 can	 be	 used	 to	 validate	 the	 type	 of	

place (Sevim et al. 2020). The adsorption 
isotherm data presented in tab. 1 indicated 
that the Langmuir isotherm best described 
the experimental data for both Pt and 
Pd, given the high value of the coefficient 
of determination (R2). Thus, there was 
monolayer adsorption of Pt and Pd onto the 
adsorbent’s surface. The mean free energy 
for Pt and Pd indicated that the mechanism 
of adsorption was chemisorption (Mosai et 
al. 2020). 
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Effect of time
The effect of contact time on the adsorption of 
Pt and Pd by DTMSP-BT-SG was investigated 
at pH 2 (fig. 5b). There was a rapid adsorption 
of Pt and Pd within the first 60 min, beyond 
which equilibrium was reached. The rapid 
increase can be attributed to the high number 
of active sites that are readily available at the 
start of the adsorption process (Ramakul et 
al. 2012).  

The kinetic models deduced from the 
time contact data of the elements with the 
adsorbent can be used to determine whether 
the adsorption process takes place through 
chemisorption or physisorption (Ramakul 
et al. 2012). The pseudo-first order (Eq. 8) 
model assumes that bonding of the elements 
to the adsorbent occurs via weak Van der 
Waals forces thus physical adsorption takes 
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adsorption	of	Pt	and	Pd	observed	at	pH	2-3,	can	be	deduced	to	occur	through	ion-pairing,	where	
the	dominant	and	stable	Pt	and	Pd	species	(PtCl62-,	PtCl42-,	PdCl42)	are	attracted	to	the	positively	
charged	 adsorbent	 surface.	 As	 the	 acidity	 of	 the	 metal	 solution	 decreases	 beyond	 pH	 3,	 aquo	
chloro	 complexes	 i.e.	 (PtCl5(H2O)-,	 PtCl4(H2O)2,	 PdCl3(H2O)−	 and	 PdCl2(H2O)2)	 begin	 to	 form,	
hence	the	observed	decrease	 in	adsorption	(Zhou	et	al.	2010).	However,	 the	recovery	was	still	
significant	 (>95%).	 	 At	 higher	 pH	 values,	 the	 donor	 atoms	 (O,S,N)	 no	 longer	 function	 as	 ion-
exchangers	or	form	ion-pairs	with	the	metals	but	coordinate	to	the	metal	species	through	their	
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The	 effect	 of	 initial	 concentration	 on	 the	 recovery	 of	 Pt	 and	 Pd	 by	 DTMSP-BT-SG	 was	
investigated	 at	 pH	 2	 and	 5	 mg	 L-1	 (fig.	 5a).	 The	 adsorption	 efficiency	 for	 Pt	 and	 Pd	 was	 high	
between	2-10	mg	L-1	and	thereafter	decreased,	with	increasing	concentration	(Ramakul	et	al.		
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Figure 5 Effect of (a) concentration and (b) contact time on the recovery of Pt and Pd (temp= 25 °C).
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Table 1 The isotherm models parameters for the adsorption of Pt and Pd onto DTMSP-BT-SG.

Metal Langmuir Freundlich D-R

qm

mg g-1

KL

L mol-1

R2 n KF

(mg g-1)/
(mol L-1)1/n

R2 Es

kJ mol-1

Xm

mg g-1

R2

Pt 48.52 1.85 0.99 3.31 20.86 0.62 3841.69 44.35 0.77

Pd 29.68 -26.74 0.99 7.26 22.86 0.94 14425.55 25.77 0.93

place (Ramakul et al. 2012). The pseudo-
second order model (Eq. 9) describes the 
adsorption process to be largely controlled by 
chemisorption (Sevim et al. 2020).

 (8)

 (9)

where qt (mg g-1) is the amount of metal 
adsorbed per unit mass of adsorbent at 
time t, k1 (min-1) is the pseudo first-order 
rate constant and k2 (g mg-1min-1) is pseudo 
second-order rate constant.

The pseudo second-order model best 
described the kinetic data since the R2 
was found to be >0.99 for both Pt and Pd. 
This indicated that chemisorption was the 
dominant mechanism of adsorption between 
the metal ions and DTMSP-BT-SG (Mosai 
et al. 2020). The k2 of Pd uptake by DTMSP-
BT-SG was higher than that of Pt, indicating 
favourable adsorption of Pd than Pt (Zhou et 
al. 2010).

Conclusions
The DTMSP-BT-SG adsorbent was 
successfully synthesised and efficiently 
recovered Pt and Pd from aqueous solutions 
at various conditions mimicking mining 
wastewater. DTMSP-BT-SG displayed a high 
Pd and Pt recovery at low concentrations, 
thus indicating that it can be used to remove 
these metals from mining wastewaters where 
the precious metal concentration is low. 
The ability of DTMSP-BT-SG to remove a 
considerable amount of Pt and Pd in both 
the acidic and basic pH makes it a good and 
competitive potential recovery agent that can 
applied to remove Pt and Pd from mining 
wastewaters.
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adsorption	process	that	takes	place	(Sevim	et	al.	2020).	The	adsorption	isotherm	data	presented	
in	tab.	1	indicated	that	the	Langmuir	isotherm	best	described	the	experimental	data	for	both	Pt	
and	Pd,	given	the	high	value	of	the	coefficient	of	determination	(R2).	Thus,	there	was	monolayer	
adsorption	 of	 Pt	 and	 Pd	 onto	 the	 adsorbent’s	 surface.	 The	 mean	 free	 energy	 for	 Pt	 and	 Pd	
indicated	that	the	mechanism	of	adsorption	was	chemisorption	(Mosai	et	al.	2020).		
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Figure	5	Effect	of	(a)	concentration	and	(b)	contact	time	on	the	recovery	of	Pt	and	Pd	(temp=	25	°C).	

Effect	of	time	

The	effect	of	contact	time	on	the	adsorption	of	Pt	and	Pd	by	DTMSP-BT-SG	was	investigated	at	
pH	2	(fig.	5b).	There	was	a	rapid	adsorption	of	Pt	and	Pd	within	the	first	60	min,	beyond	which	
equilibrium	was	reached.	The	rapid	increase	can	be	attributed	to	the	high	number	of	active	sites	
that	are	readily	available	at	the	start	of	the	adsorption	process	(Ramakul	et	al.	2012).			

Table	1	The	isotherm	models	parameters	for	the	adsorption	of	Pt	and	Pd	onto	DTMSP-BT-SG.	

Metal	 Langmuir	 Freundlich	 D-R	

	 qm	 KL	 R2	 n	 KF	 R2	 Es	 Xm	 R2	

	 mg	g-1	 L	mol-1	 	 	 (mg	g-1)/(mol	L-1)1/n	 	 kJ	mol-1	 mg	g-1	 	

Pt	 48.52	 1.85	 0.99	 3.31	 20.86	 0.62	 3841.69	 44.35	 0.77	

Pd	 29.68	 -26.74	 0.99	 7.26	 22.86	 0.94	 14425.55	 25.77	 0.93	

	

The	kinetic	models	deduced	from	the	time	contact	data	of	the	elements	with	the	adsorbent	can	
be	 used	 to	 determine	 whether	 the	 adsorption	 process	 takes	 place	 through	 chemisorption	 or	
physisorption	(Ramakul	et	al.	2012).	The	pseudo-first	order	(Eq.	8)	model	assumes	that	bonding	
of	the	elements	to	the	adsorbent	occurs	via	weak	Van	der	Waals	forces	thus	physical	adsorption	
takes	 place	 (Ramakul	 et	 al.	 2012).	 The	 pseudo-second	 order	 model	 (Eq.	 9)	 describes	 the	
adsorption	process	to	be	largely	controlled	by	chemisorption	(Sevim	et	al.	2020).	
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where	qt	(mg	g-1)	is	the	amount	of	metal	adsorbed	per	unit	mass	of	adsorbent	at	time	t,	k1	(min-1)	
is	the	pseudo	first-order	rate	constant	and	k2	(g	mg-1min-1)	is	pseudo	second-order	rate	constant.	

The	 pseudo	 second-order	model	 best	 described	 the	 kinetic	 data	 since	 the	R2	was	 found	 to	 be	
>0.99	 for	 both	 Pt	 and	 Pd.	 This	 indicated	 that	 chemisorption	was	 the	 dominant	mechanism	 of	
adsorption	between	the	metal	ions	and	DTMSP-BT-SG	(Mosai	et	al.	2020).	The	k2	of	Pd	uptake	by	

Acknowledgements
The authors thank the National Research 
Foundation for financial support and the 
University of the Witwatersrand for the research 
facilities.

References 
Bernardis F, Grant R, Sherrington D (2005) A 

review of methods of separation of the platinum 
group metals through their chloro-complexes. 
React Funct Polym 65(3):205–217. 

Barquist K (2009) Synthesis and environmental 
adsorption applications of functionalized 
zeolites and iron oxide/zeolite composites. PhD 
thesis, Univ of Iowa.

Douglass I, Dains F, (1934)The preparation 
and hydrolysis of mono- and disubstituted 
benzoylthioureas. J Am Chem Soc 56(6):1408—
1409. https://doi.org/10.1021/ja01321a061.

Erdem A, Shahwan T, Cağır A, Eroğlu A (2011) 
Synthesis of aminopropyltriethoxysilane-
functionalized silica and its application in 
speciation studies of vanadium (IV) and 
vanadium(V). Chem Eng J 174(1):76—85. 
DOI:10.1016/j.cej.2011.08.049

Issa A, Luyt A (2019) Kinetics of alkoxysilanes and 
organoalkoxysilanes polymerization: a review. 
Polym 11(3):537. DOI:10.3390/polym11030537.

Jal P (2004) Chemical modification of silica 
surface by immobilization of functional groups 
for extractive concentration of metal ions. 
Talanta. 62(5):1005-1028. DOI: 10.1016/j.
talanta.2003.10.028.

Mosai A, Chimuka L, Cukrowska E, Kotzé I, 
Tutu H (2020) Removal of platinum (IV) from 
aqueous solutions with yeast functionalised 
bentonite. Chemosphere 239:124768. 

Nkabyo H, Barnard I, Koch K, Luckay R (2021) 
Recent advances in the coordination and 
supramolecular chemistry of monopodal and 



IMWA 2022 – "Reconnect"

297Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

bipodal acylthiourea-based ligands. Coordin 
Chem Rev 427:213588. 

Ramakul P, Yanachawakul Y, Leepipatpiboon 
N, Sunsandee N (2012) Biosorption of 
palladium(II) and platinum(IV) from aqueous 
solution using tannin from Indian almond 
(Terminalia catappa L.) leaf biomass: kinetic 
and equilibrium studies. Chem Eng J 193-
194:102-111. 

Sevim F, Lacin O, Ediz E, Demir F (2020) 
Adsorption capacity, isotherm, kinetic, and 
thermodynamic studies on adsorption behavior 
of malachite green onto natural red clay. Environ 
Prog Sustain Energy 40(1). 

Tu Z, Lu S, Chang X, Li Z, Hu Z, Zhang L, Tian 

H (2011) Selective solid-phase extraction 
and separation of trace gold, palladium and 
platinum using activated carbon modified with 
ethyl-3-(2-aminoethylamino)-2-chlorobut-2-
enoate. Mikrochim Acta 173(1-2):231-239. 

Wang M, Tan Q, Chiang J, Li J (2017) Recovery 
of rare and precious metals from urban 
mines—a review. Front Environ Sci Eng 11(5):1. 
DOI:10.1007/s11783-017-0963-1.

Zhou L, Xu J, Liang X, Liu Z (2010) Adsorption of 
platinum(IV) and palladium(II) from aqueous 
solution by magnetic cross-linking chitosan 
nanoparticles modified with ethylenediamine. 
J Hazard Mater 182(1-3):518-524. https://doi.
org/10.1016/j.jhazmat.2010.06.062.



IMWA 2022 – "Reconnect" 

298 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)



299Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Abstract
In this study, Cr(VI) was rapidly removed from an aqueous solution using a 
polycationic/di-metallic (PDFe/Al) adsorbent synthesized using Fe3+/Al3+ recovered 
from actual acid mine drainage. Optimal conditions for the removal of Cr(VI) were 
50 mg/L initial Cr(VI), 3 g of PDFe/Al, initial pH = 3, 10 min to 95% of equilibration 
time and temperature = 40°C. Under these optimised conditions, ≥95% removal of 
Cr(VI) was observed. The synthesised material shows great potential for the removal 
of dissolved Cr(VI). 
Keywords: Chromium removal; acid mine drainage; wastewater streams; circular econ-
omy; wastewater beneficiation; polycationic/di-metallic adsorbent (nanocomposite)
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Introduction
Mining has always been crucial to the 
development of the South African economy 
due to the relative abundance of mineral 
and coal reserves. Mining, however, has the 
propensity for detrimental impacts to both 
the environment and humans due to the 
formation of highly acidic and metalliferous 
wastewater termed acid mine drainage 
(AMD). Pollutants such as Fe2+, Fe3+, SO4

2-, 
Al3+ and Mn are commonly found in acid 
mine water – with Cu, Mg, Ca, Zn and Na in 
traces (Muedi, Masindi et al. 2022).

The search for an efficient, effective, and 
economic technology to remediate AMD has 
been a global priority for as long as mining 
has been practiced. Various technologies 
have been developed for the treatment 
and recovery of valuable minerals, but the 
challenge is the production of heterogeneous, 
highly mineralised, and toxic sludge that pose 
secondary pollution and disposal challenges 
(Ighalo et al. 2022). An eco-friendly approach 
would be to recover major mine water 
contaminants, i.e. Al, Fe, Mn, and sulphate, 

from actual AMD and explore their potential 
beneficiation and valorisation (Muedi et 
al. 2021, 2022). In our previous studies, we 
demonstrated the valorisation of AMD for the 
recovery of Al/Fe tri-valent metals that could 
be used to synthesise an adsorbent that was 
subsequently used to remove arsenic from 
wastewater (Muedi et al. 2021). Furthermore, 
the sequential and staged recovery of metals 
and sulphate has also been demonstrated 
(Masindi et al. 2019). However, an Al/Fe 
di-metallic nanocomposite has never been 
used for the removal of hexavalent chromium 
from aqueous solutions. This is the first study 
to explore the feasibility of recovering Al3+ 
and Fe3+ from actual AMD and using to them 
synthesize an adsorbent (nanocomposite) 
that can be used to remove hexavalent 
chromium from an aqueous solution.

The U.S. Geological Survey reports 
that South Africa and Kazakhstan are the 
world’s largest producers of chromium with 
approximately 95% of global chromium 
reserves (Papp 2017). Chromium is a 
crucial component of chemical production, 
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metallurgical industries, refractories, and 
foundries (Dhal et al. 2013). However, these 
production processes release chromium-
rich effluents to different spheres of the 
environment. This toxic and hazardous 
chemical species can emanate from natural 
(geogenic) and man-made (anthropogenic) 
sources. The natural milieus comprise water, 
soil, plants, animals, rocks, volcanic eruptions 
and minerals, while anthropogenic sources 
include mining, tanning, and manufacturing 
of paints, plastics, ceramics, glass, salts, dyes 
and dietary supplements. These sources release 
chromium rich effluents to different spheres of 
the environment (Jobby et al. 2018).

(Eco)-toxicological studies have 
highlighted that the intake of water with 
elevated levels of chromium ions, specifically 
hexavalent chromium, can have direct 
detrimental impacts on human health 
through bioaccumulation, animals, aquatic 
organisms, and the environment at large 
(Shahid et al. 2017). The maximum allowed 
limit in drinking water should be ≤0.05 ppm 
(WHO. 2017). In response to this stringent 
regulatory framework and standards, various 
studies have devised numerous ways to 
treat, remove, and recover chromium ions 
from water and wastewater matrices. These 
technologies  include electrocoagulation 
(Wang et al. 2020), nano-filtration (Giagnorio 
et al. 2018), freeze desalination (Melak et 
al. 2016), ion exchange (Shao et al. 2019), 
photo-catalysis (Kretschmer et al. 2019), 
adsorption, precipitation, bio-(phyto)-
remediation, and crystallization (Kalita and 
Baruah 2020). However, these technologies 
still pose a challenge of operational cost and 
disposal of secondary sludge; hence, they are 
not used, primarily due to their secondary 
ecological footprints. Adsorption has 
emerged as a promising technology due to its 
effectiveness, affordable costs, and reliance on 
locally available materials (Muedi et al. 2021, 
Masindi et al. 2022). 

This study focuses on the use of 
synthesised iron oxide pigments recovered 
from AMD emanating from coalmines for 
the rapid recovery of hazardous Cr(VI) 
from wastewater. Consequently, it provides 
a concurrent two-pronged solution to both 
mining challenges.

Materials and Methods
Sampling, feedstock acquisition and 
preparation
The adsorbent used was prepared as 
described previously  (Muedi et al. 2021, 
2022). Potassium dichromate salt (K2Cr2O7) 
was purchased from Sigma-Aldrich and 
stored until utilisation for stock solution 
preparation. Caustic soda (NaOH), sulphuric 
acid (98.5% H2 SO4) and hydrochloric acid 
(37% HCl) were purchased from Merck. 
Aqueous solutions were prepared using ultra-
pure water (18.2 MΩ-cm). Experimental 
vessels (glassware) were carefully and 
thoroughly cleaned before and after every use 
to avoid contamination.

Adsorption studies
To determine the adsorption of arsenic and 
chromium from an aqueous system, several 
operational parameters (time, dosage, 
temperature and pH) were evaluated. The 
results were used to determine the optimum 
conditions for removing arsenic and 
chromium. 

Characterisation
Metal ions in aqueous samples and solutions 
were analysed using AAS and ICP-MS. 
A Perkin-Elmer Spectrum 100 Fourier 
transform infrared spectrometer (FTIR) 
with a Perkin-Elmer Precisely Universal 
attenuated total reflectance (ATR) sampler 
was used to examine the surface functional 
groups in the solid samples. X-ray 
diffraction (XRD) was used to determine the 
mineralogical composition and the pattern 
of the synthesised Fe/Al dimetal composite 
and residue products, which was recorded 
on a Panalytical X’Pert PRO equipped with 
Cu-K radiation. The surface area of the Al/
Fe nanocomposite was determined using a 
Brunauer-Emmet-Teller (BET) equipment 
equipped with micromeritics VacPrep 061 
degassing system (Micromeritics Tri-Star II 
3020, surface area and porosity, Poretech CC, 
USA). For quality control/assurance, all the 
experiments were carried out in triplicates 
and the data was reported as mean values, per 
the EPA guidelines.
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Figure 1 Functional groups of the synthesised PDFe/Al dimetal composite before (a) and after (b) Cr(VI) 
adsorption

Results and Discussions
Characterisation of the Fe/Al dimetal com-
posite before and after Cr(VI) adsorption
Figure 1 depicts the functional groups of 
the synthesised Fe/Al dimetal composite 
before and after Cr(VI) adsorption using 
a FTIR. Bands of the synthesised Fe/Al 
dimetal composite are shown before and after 
Cr(VI). For the raw Fe/Al dimetal composite, 
high stretching of –OH group is observed 
between 4000 –3500 cm-1. At 1668 cm-1, 
HOH stretching is observed, which further 
increases at 1113 cm-1 (Bordoloi, Nath et 
al. 2013). After Cr(VI) adsorption, a change 
in the stretching of O-H group is observed 
as a shift of wave band 1138 to 1151 cm-1 
(Tarun Kumar Naiya, Biswajit Singha et al. 
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2011). In addition, a new absorption band at, 
corresponding to O-Cr-O, is observed at 606 
cm-1 (Bhatt, Sreedhar et al. 2017, Ablouh, 
Hanani et al. 2019).

An XRD diffractogram of the synthesised 
Fe/Al dimetal composite before and after 
Cr(VI) adsorption is shown (Figure 2). 
Iron (Fe) is observed to be the dominant 
species in the synthesised Fe/Al dimetal 
composite in the form of goethite/ iron(III) 
oxide hydroxide (FeO(OH)) with clear 
diffraction peaks showing the crystallinity 
of the adsorbent and some amorphousness. 
Crystalline structures are observed to have 
formed at the surface of the material. In 
addition, aluminium is present as aluminium 
oxide (Al2O3), confirming the composite 
nature of the material. After adsorption, the 
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significant peaks between 2θ ≈ 35° to 50° are 
observed to have increased. This is attributed 
to the diffusion of Cr(VI) ions into the pores 
of the Fe/Al composite adsorbent through 
chemisorption, with subsequent reduction 
to Cr(III) (as confirmed by the presence 
of CrOOH) (Ou et al. 2020). The total BET 
surface area of the raw Fe/Al composite was 
reported to be 37.5841 m²/g.

Effects of operation conditions
As shown in Figure 3A, the Cr(VI) removal 
efficacy was observed to decrease with an 
increase in Cr(VI) concentration.  This is 
an indication that the adsorption sites were 
saturated with the Cr(VI) ions from aqueous 
solution. It can be observed that 50 mg/L is 
the optimum initial concentration for Cr(VI), 
so this was used in subsequent experiments. 

Figure 3B demonstrates that an initial pH 
of 3 optimised Cr(VI) oxyanion adsorption, 
as previously reported (Yang et al. 2015). 
Also, as shown in Figure 3C, the removal 
of Cr(VI) was observed to increase with an 
increase in adsorbent dosage. A similar trend 
was observed for Cr(VI); an even increase in 
percentage removal of Cr (VI) is observed 
from 0.1 – 3 g of Al/Fe nanocomposite dosage. 
After 3g, the trend flattened; therefore, 3 g 
was adequate for the removal of chromium 
from the aqueous solution. 

 

Figure 2 XRD diffractogram of the synthesised Fe/Al dimetal composite before (Blue) and after (Red) Cr(VI) 
adsorption

As shown in Figure 3D, the % removal of 
species understudy was observed to increase 
with an increase in contact time. There was 
a rapid increase in the removal, with up to 
95% of the equilibrium adsorption capacity 
reached after 10 minutes of contact time. This 
result is of prime importance to the study as 
it demonstrates the rapidity of the Cr(VI) 
adsorption, which provides great promise for 
an industrial application.

As shown in Figure 3E, the removal of 
Cr was observed to be firmly dependent on 
temperature. From the graph, it can be noted 
that the percentage removal peaked at 40 °C. 
This is of particular interest industrially, as an 
operational temperature of 40°C is realisable 
within most industrial settings.

Conclusions and Recommendations
PDFe/Al was successfully used to remove 
Cr(VI) from water. The removal efficacy was 
observed to be >95% for Cr(VI) ions, which 
can be attributed to its high surface area, the 
surface composition of the adsorbents, and 
reduction of Cr(VI) to Cr(III) by the PDFe/
Al. The study provides strong evidence for 
the potential of the recovered adsorbent for 
the removal of Cr(VI) for solution. Future 
work involves modelling the adsorption of 
these pollutants from aqueous solution using 
mathematical models and to test it against 
authentic water that is rich in chromium ions.
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Figure 3 Effects of different operational parameters on the adsorption of Cr(VI) 
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Abstract
After flooding an underground mine, the quality of the discharging mine water usually 
improves. This effect is known as first flush, which has so far only been studied in the 
mine water at the point of discharge. Depth profile measurements at a former German 
uranium mine allowed to monitor and interpret the first flush over a 30 year period. 
In addition to the point of discharge, the first flush can be observed in the entire water 
body. It can therefore be assumed that the whole mine water body acts as a chemical 
reactor. Understanding the first flush details will help to improve predictions about 
water quality trend developments and helps in improving mine water treatment.
Keywords: first flush, mine water, flooding, mine water rebound, mine water management
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Introduction 
In many cases, discharging mine water must 
be treated after mines have been closed and 
flooded. It can be challenging to select and 
properly size an appropriate mine water 
treatment plant, because the mine water 
quality usually improves over time. First the 
water reaches maximum concentrations of 
the potential contaminants and then they 
gradually decrease – in the best case to 
natural background concentrations (Gzyl and 
Banks 2007; Wolkersdorfer 2021; Younger 
2000). This effect is named first flush and has 
been, until now, only investigated with data 
from discharging mine water. Younger (1997) 
widly published about the first flush and 
described the typical curve as a rapid increase 
and the subsequent gradual, near exponential 
decrease of potential contaminants (Figure 
3). Other possibilities to describe the curve 
have been published by Wolkersdorfer (2008) 
and Mack et al. (2010).

“Acid generating salt” (Bayless and 
Olyphant 1993) and therefore the leaching of 
secondary minerals cause an initial increase 
in concentrations over time. After this first 
contaminent increase, the vestigal acidity 
(Younger 1997) is flushed out and the first 

flush curve flattens. As a “rule of thumb”, four 
times the flooding period tr is the duration tf 
of the first flush (Eq. 1).
tf = (3.95 ± 1.2) × tr           (1)

Although the first flush at the 
discharge point of a mine is a well-known 
phenomenon, it is still relatively unknown 
which hydrodynamic and chemical processes 
occur in the mine water body itself. By using 
different approaches to investigate the first 
flush in greater detail, the authors want to 
provide a better basis for the prediction 
of mine water quality during and after the 
flooding process as well as strategies for more 
effective mine water management.

Paul et al. (2011) described the 
development of the first flush with a perfectly 
mixed flow reactor (PMFR or MFR, more 
often referred to as complete mix flow 
reactor, CSTR, or completely mixed flow 
reactor, CMFR). Yet, as single CMFR would 
only account for the reaction and removal 
rate constant of one set of water reactants. 
Because the composition of mine water, and 
consequently the development of the first 
flush, results from a “potpourri of multiple 
reactions”, as described by Levenspiel (1999), 
Paul et al. (2011) was not able to fully describe 
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Figure 1 Setup of the first flush experiment at the 6 × 4 m large Agricola Model Mine (AMM) 

the first flush scenario with one reactant or 
equation for all the mine water contaminants 
they investigated. Within a mine pool, a set 
of irreversible and reversible zero or higher 
order reactions, even fractions of reactions, 
takes place successive or in parallel. This 
requires more sophisticated assumptions 
then a single CMFR. A single conservative 
tracer substance follows the behavior of a 
CMFR. Further studies, with the Agricola 
Model Mine (AMM), shall reveal if it might 
be possible to describe first flush scenarios 
better compared to claiming the first flush 
flows an exponential decay.

Methods and data acquisition
Depth profile measurements from five 
flooded shafts of the former Schlema uranium 
mine, Saxony, Germany, were evaluated to 
understand the first flush within the mine 
water body. Depth profile measurements 
have been carried out once or twice a year 
by the remediation company Wismut GmbH 
since 1994. Therefore, a data set covering 
almost 30 years is available (Wismut GmbH 
2022). Additional single measurement data 

 

before 1994 could be provided by the authors 
themselves. Electrical conductivity (EC) is 
a relevant parameter regarding the water 
quality, as higher electrical conductivities 
indicate a higher mineralisation and thus 
poorer mine water quality. For comparison, 
the EC values at the inflow of the water 
treatment plant were evaluated, and their 
temporal development corresponds with a 
characteristic first flush scenario.

An additional research method for 
investigating the first flush are analogue 
laboratory tests that were carried out at the 
Agricola Model Mine (AMM) at Tshwane 
University of Technology in Pretoria, South 
Africa. The AMM is a 6 × 4 m model mine 
consisting of insulated PVC tubes with four 
shafts, four levels and with a maximum 
volume of 153 L (Figure 1). It was the aim to 
verify, if the first flush can also be reproduced 
in the analogue model mine and thus whether 
more detailed experiments can be carried 
out. As density stratification normally occurs 
in flooded underground mines (Mugova 
and Wolkersdorfer 2022), a water body with 
higher density was prepared in the lower 
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part of the AMM by adding bags filled with 
NaCl before flooding started. In the upper 
part of the model mine, the water was flushed 
out, due to a continuous flow. To simulate 
water inflow into the mine, tap water was 
continuously pumped into shaft #2 (15 mL/
min) simulating ground water recharge and 
discharged at shaft #1. In order to examine 
the flushing effect, the tracer EosinY (EoY) 
was injected once after complete flooding of 
the AMM just below the inflow at section 2D 
and samples were taken daily at 11 sampling 
points in the upper area of the AMM and 
analysed fluorometrically (Cary Eclipse 
Flourescence Spectrophotometer; Agilent, 
Australia). Measuring with a constant fresh 
water supply lasted over a 2 month period.

Results and Discussion
For five different shafts in the Schlema-
Alberoda district, first flush curves were 
analysed. Though all curves are similar, shaft 
383 stands out, as data since October 1992 
is available (mine flooding began in January 
1991) (Figure 2, Figure 3). Initially, the EC 
increases from 4 mS/cm to 5.5 mS/cm, then 

Figure 2 Depth profile measurements at shaft 383 in the Schlema district, Saxony, Germany (Wismut GmbH, 
personal communication, 2021)
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it decreases exponentially since 1998/1999. 
Presently, the EC value is 1.6 mS/cm, and 
the improvement of water quality will be 
progressing only very slowly. A very similar 
curve can be seen in the EC values before 
the inflow into the mine water treatment 
plant. This indicates that the results of the 
measurements in the shafts are plausible. 
There is improvement in water quality and 
the first flush temporal development prevails 
in the mine pool as well. As the curves of the 
five shafts are very similar, a good hydraulic 
connection can be assumed between the 
shafts and the mine water discharge into 
the Schlema mine water treatment plant. 
This good hydraulic connection was already 
proven by a mine water tracer test in this mine 
(Wolkersdorfer 2001). As no stratification 
was detected due to the measurement depth 
not covering the entire vertical extend of the 
1800 m deep mine, stratification cannot be 
discussed in connection with the Schlema 
mine’s first flush scenario.
Inflow of tap water and flushing the upper 
part of the AMM showed that nearly all the 
EoY tracer was flushed out after 11 days 
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(Figure 4). Only in section 1C was a temporal 
delay, as there, analogous to a mine sump, 
less flow occurs. At the injection point (2D), 
the first measured tracer concentration, 15 
min after injection, was 800 µg/L and 20 
h after injection 196 µg/L. In comparison, 
the background tracer concentration in the 
discharge (section 1E) was 0.05 µg/L, 15 min 
after injection and reached 732 µg/L, 20 h 
after injection. After 5 days, almost no tracer 
could be found anymore at sampling point 
2D. At section 1E, it took 11 days until almost 
no tracer could be found anymore, indicating 
that the tracer was flushed out quickly from 
the upper section of the AMM by advective 
transport. In the period from 2022-05-16 to 
2022-07-2022, for 70 days, 1500 L of water 
flowed through the upper part of the AMM. 
After 11 days the water in the upper part was 
exchanged about 4.6 times.

Conclusions
Mine water management and the design 
of mine water treatment plants requires to 

Figure 3 First flush curve from depth profile measurements of the shaft 383 at Schlema district, 
Saxony, Germany

understand the hydraulic system in a flooded 
mine. Since the first flush is responsible for 
the change in water quality over time, the 
authors have gained new insights into this 
phenomenon through different approaches. 
First, the short-term deterioration and then 
exponential improvement of mine water 
quality does not only occur at the point 
of discharge. The same trend can also be 
observed within the complete mine water 
body. This is important regarding the duration 
of mine flooding and possible interventions 
in the mine water body. However, the faster 
the mine is flooded, the faster the first flush 
improves the water quality in the mine. 
Fluctuations in the water level must be 
avoided, as, for example, further disulfide 
weathering might take place, and the water 
quality can deteriorate again. Whether, for 
example, pumps for the geothermal use 
of mine water disturb the first flush and 
stratification in the mine water body will be 
verified by further experiments. Analogue 
modelling results show that it is possible to 
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Figure 4 EoY dye tracer concentrations during the first flush experiment in the AMM
 

use the AMM as a natural analogue to the 
flushing scenario in a flooded underground 
mine. In further studies, this fact will be 
used to understand mine flooding scenarios 
better. It will also allow to study mine water 
stratification and how density stratification 
can be generated artificially to improve 
the discharged mine water quality. Once 
stratification exists in a mine, the destruction 
of it, for example through pumping, must 
be avoided. Otherwise, the positive effect of 
improving the water quality through the first 
flush could be rendered obsolete. 
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Abstract
Managing storage of potentially acid forming rock (PAF) requires a knowledge of the 
basic principles of acid mine drainage (AMD) generation; that a source, water and 
oxygen are required to generate AMD. 

Waste rock characterisation through both static and kinetic methods combined with 
an understanding of the site geological model are commonly used in the early stages of 
mine planning and development to make inferences about waste storage design and/
or potential treatment requirements. In wet environments of New Zealand, vadose 
modelling is also often undertaken to predict the saturation profile, seepage volumes 
and capping performance of PAF waste structures (e.g. embankments, constructed 
dumps). This conceptual modelling is often a crucial component in understanding the 
mine water balance and identifying zones of continued saturation as well as identifying 
zones of periodic desaturation. This modelling often defines the height and volume of 
PAF storage increasing or decreasing the reliance on non-acid forming (NAF) material 
(placed between the PAF and the surface) which is often in short supply.

However, this focus on saturation (which in very wet environments is a natural 
tendency) can at times forget the basic principles of AMD generation; that oxygen 
transport from the surface through to the stored PAF waste material is still a crucial 
factor for PAF material to generate AMD, and that it’s reduction and/or absence (through 
limited transport mechanisms / pathways) can limit AMD production in unsaturated 
PAF material. This can result in the potential to optimise PAF storage in unsaturated 
zones and reduce the volumes of non-acid forming (NAF) material required.

This paper outlines vadose and oxygen modelling undertaken to help defend both 
saturated and unsaturated storage of PAF material on a waste dump in New Zealand and 
illustrates how a combined vadose/air model can be utilised to optimise the design of a 
PAF storage structure.
Keywords: Oxidation, PAF Storage, Unsaturated Zone, Vadose Zone

Introduction 
Located in the Buller Coalfield on the West 
Coast of New Zealand, Bathurst Mining 
Limited (BT Mining) operate the Stockton 
Open Cast Coal Mine. The Cypress North 
Pit is located to the south of the Stockton 
area and the preferred closure option is 
to backfill the majority of the pit with 
Potentially Acid Forming (PAF) material 
to enable reestablishment of the wetland 
area present before mining and reduce the 
requirement for ex-pit storage. The climate 
on site is dominated by intense rainfall 
(>5,000 mm per annum), and an expected 

high groundwater table (post backfill and 
rehabilitation) within the pit has long been 
accepted as a viable solution to saturate the 
backfilled PAF material, prevent substantial 
sulfide oxidation and hence minimise long 
term risk (of AMD discharge) to the receiving 
environment.

Due to uncertainties in the final 
groundwater recharge level, the existing 
closure plan provides for a 2-meter buffer 
of Non-Acid Forming (NAF) material to be 
placed on top of the PAF backfill, but below 
the modelled phreatic recovery level to allow 
for anticipated groundwater response to 
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drought periods that may occur on the West 
Coast. The previously accepted groundwater 
recovery level was at 697 m RL which when 
taking the 2-meter-NAF buffer into account, 
limited the extent of PAF backfill to a height 
of 695 m RL. Since this previous work was 
undertaken a large volume of hydrogeological 
data from around the site has been collected 
to reduce data gaps and uncertainty. This 
data has led to an increased understanding 
of the local groundwater conditions. GHD 
has utilised this data to develop a new three-
dimensional groundwater model to reduce 
uncertainty around PAF backfill saturation 
and enable optimisation of backfill. The 
work undertaken has revised estimated 
phreatic recovery levels taking into account 
a conservative drought period, at a modelled 
697 m RL or greater. This has provided 
confidence for additional PAF storage within 
the backfilled pit and has raised the possibility 
of additional PAF saturated storage which 
would offer relevant benefits in limiting ex-
pit PAF storage. 

In addition, the possibility of unsaturated 
PAF storage has been discussed as a potential 
option for additional in-pit storage above the 
phreatic zone in areas that are likely to have low 
oxidation rates and/or the risk of oxidation is 
deemed low. This is deemed preferable to ex-
pit storage which is more likely to be exposed 
to higher rates of oxidation (depending on 
cover design) and ultimately will have a 
greater requirement for ongoing post closure 
treatment requirements. A large area of PAF 
backfilled North Pit is to be reinstated as a 
wetland. Due to the saturated nature of the 
wetland and the low permeability material 
between the wetland and the zone of saturation, 
it is considered unlikely that oxygen ingress 
through diffusive and/or advective processes 
(which are considered the dominant means 
of oxygen transfer) will be high enough to 
result in unacceptable acidification of the 
unsaturated PAF material. In addition, pit fill 
concepts include and increased storage option 
(ISO) which is likely to have greater oxygen 
ingress than the wetland cover option. The 
potential oxygen flux (and hence generation 
of AMD) needs to be quantified in order to 
define cover specifics and volume (and type) 
of PAF material placed in these areas.

To quantify this (theoretical flux of 
oxygen reaching the unsaturated underlying 
backfill material), GHD has undertaken 
oxidation transport modelling utilising the 
contaminant transport modelling software 
CTRAN/W. CTRAN/W is a finite element 
software product that can be used to model 
the movement of contaminants and gases 
through porous materials in response to the 
movement of water (in both saturated and 
unsaturated zones) and processes involving 
diffusion, dispersion, adsorption, decay and 
density dependency. The CTRAN/W model 
is integrated with its ‘parent’ vadose model in 
SEEP/W, which computes water flow velocity.

This paper outlines the modelling 
undertaken and the results from a series of 
conceptualised backfilled pit rehabilitation 
types. These rehabilitation types have been 
characterised as follows and are considered 
to broadly cover the ranges of surfaces likely 
to be present within the fully rehabilitated 
North Pit:
• Flat Wetland area; Flat topsoiled area; 

Topsoiled area with 20 degree slope; Tran-
sition area with 10 degree slope

Methods 
Groundwater Modelling
A groundwater numerical model was 
developed to assist in the understanding 
of the groundwater flow dynamics at the 
Site and predict the groundwater recovery 
post-mining. The groundwater model was 
created using Groundwater Vistas 8.15 
(Environmental Simulations, Inc, 1996–
2021) as the graphic user interface (GUI) for 
MODFLOW NWT (Niswonger et al. 2011), 
developed by the United States Geological 
Survey (USGS).

A conservative model run was applied to 
the calibrated model depicting response to a 
derived 6-month minimum average rainfall 
(1,322 mm) with a return period of 100 
years. It is worth noting that the West Coast 
region is expected to receive increases in 
rainfall over the next 30 years under predicted 
climate change scenarios (NIWA 2011) so it 
is implied that the applied drought scenario 
is considered a conservative assessment of 
likely minimum long term groundwater levels 
within the backfilled north pit. Sensitivity 
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analysis suggested that the estimated 
minimum groundwater recovery (below 
which desaturation is considered unlikely) 
was between 697–698 m RL. A recovered 
groundwater level of 697–698 m RL was 
therefore utilised as a key boundary condition 
within the 2-dimensional oxygen model.

Oxygen Modelling
Diffusion and advection were considered 
the dominant oxygen transfer processes 
at Cypress and the modelling undertaken 
focussed on these processes without expli-
citly considering barometric pumping 
and/or convection. This approach is sup-
ported by the literature in which oxygen 
transport through molecular diffusion is 
considered the main transport mechanism 
in the majority of mine waste structures (e.g. 
Mbonimpa et al. 2002). 

Modelling of oxygen transport within 
the backfilled North Pit (via diffusion and 
advection) was undertaken in the Geostudios 
modelling software SEEP/W and CTRAN/W 
(v.2021.3). The oxygen transport is modelled 
in CTRAN/W based on the steady state 
vadose modelling undertaken in SEEP/W. 
Both are finite element software products 
and together they can be utilised to model 
the movement of contaminants and gases 
through porous materials in response to the 
movement of water (in both saturated and 

unsaturated zones) and processes involving 
diffusion, dispersion, adsorption, decay and 
density dependency. 

Four basic 2-dimensional meshes were 
constructed in SEEP/W for each of the range 
of surfaces expected. The cross sections 
utilised the soil properties as outlined in 
Table  1 which are thought to conservatively 
represent the varying main surface types 
and backfilled material. All materials were 
modelled as saturated/unsaturated within the 
SEEP/W model.

Boundary conditions applied to the 
vadose model are as outlined in Table 2. The 
groundwater level relates to the minimum 
conservative groundwater recharge within 
the drought scenario groundwater modelling 
within the flat backfilled level (700 m RL; 
GHD 2022). For the sloped scenarios, it is 
conservatively assumed that the groundwater 
mounding to the East (Highwall area) is 
minimal, and a conservative groundwater 
boundary condition is applied. Infiltration 
is assumed to reflect the drought scenario 
(GHD 2022) with a rainfall infiltration of 
3 and 1% applied to the flat and sloped 
scenarios respectively. 

The modelled cross-sectional 2-dimen-
sional model mesh was based on a simplified 
cross-section of the backfill material, liner 
and cover type with results focussed on the 
middle of the model cross section to reduce 

Material Thickness 
(m)

Saturated Hydraulic 
Conductivity (m/s)

Residual Water 
Content

Saturated Water 
Content

Anisotrophy (Ky/
Kx Ratio)

Soil Cover 0.3 1 × 10-4 0.05 0.3 1

Pit Liner 2 1 × 10-7 0.05 0.41 0.1

Pit Backfill 45 5 × 10-5 0.05 0.3 0.3

Wetland Material 0.3 1 × 10-8 0.05 0.38 0.1

Table 1 Soil Properties Utilised in SEEP/W Modelling

Table 2 SEEP/W Boundary Conditions Applied

Boundary Boundary Type Boundary Value

Groundwater Level (applied to extremes of model) Water Total Head 697–698 m

Eastern Groundwater Level (ISO scenario) Water Total Head 703 m

Infiltration / Rainfall – Flat Scenarios (A&B) Water Flux 0.217 mm/day

Infiltration / Rainfall – Sloped Scenarios (C&D) Water Flux 0. 0724 mm/day
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boundary effects and provide results reflective 
of the various cover types being uniform over 
a large (ca. 100 m) area. All cross sections 
were constructed with a global element size 
of 1 m. The cover materials had a grid ratio 
of 0.1 (compared to the default grid) applied 
to ensure that results in the target area are 
provided in sufficient detail.

The effective diffusion coefficient (De) of 
oxygen into waste material is a combination of 
the diffusion coefficient in water (Dw) and the 
diffusion coefficient in air (Da). The transport 
of oxygen is substantially more rapid in air 
when compared to water and therefore the 
Da is many magnitudes of order greater than 
the Dw. Thus a layer remaining saturated (or 
close to saturated) impedes the passage of 
oxygen (in air) which results in reduced AMD 
generation (Mbonimpa et al. 2002).

The specific oxygen diffusion rates for 
both the gas phase and dissolved phase 
have been derived based on Fick’s first and 
second law of diffusion which describe the 
relationship between the rate of diffusion and 
the three factors that affect diffusion-surface 
area, concentration difference and thickness 
of the substrate and Henry’s constant which 
relates to the concentration of gas particles in 
the solution phase that is in equilibrium with 
the pressure of the gas in the vapor phase. 

Based on the backfilled waste and cover/
liner properties as outlined in Table  1, the 
oxygen diffusion rates based on the air and 
water content were then calculated and these 
relationships included in material properties 
in CTRAN/W. The equations utilised to 
calculate oxygen diffusion rates (equations 
1–4) assume ambient temperatures and were 
modified from Aachib et al. (2004).

(1)

(2)

(3)

(4)

Where n represents the porosity of the 
material;          and           represent the 
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Where		n	represents	 the	porosity	of	 the	material;	𝐷𝐷0𝑎𝑎		and	𝐷𝐷 0𝑤𝑤		 represent	 the	coefMicient	of	 free	
diffusion	of	oxygen	in	air	and	water	respectively;	H	is	Henry’s	constant	(≈	0.03	@	20°C);	Pa	and	
Pw	are	calculated	as	a	function	of	the	volumetric	air	(𝜃𝜃𝑎𝑎)	and	water	(𝜃𝜃𝑤𝑤)	content.		

Further	considerations	have	been	given	to	 the	oxygen	reaction	rate	coefMicient	(Kr)	within	 the	
modelling	process	 as	 consumption	of	 oxygen	within	 the	placed	waste	material	will	 also	 drive	
advective	processes	within	the	backMilled	material.	The	Kr	has	been	estimated	based	on	surface	
kinetics	in	which	the	rate	considers	the	particle	size	distribution,	reactivity	of	pyrite	with	oxygen,	
the	pyrite	content	of	the	PAF	material	and	the	porosity	of	the	material.	Equation	5,	6	and	7	have	
been	utilised	as	per	Collin	(1987).	
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Where		K’	is	the	reactivity	of	pyrite	with	oxygen;	Cp	is	the	pyrite	content;	n	is	the	porosity;	Cu	is	
the	coefMicient	of	uniformity	(D60/D10)	

The	site-speciMic	values	adopted	in	the	above	equation	and	their	sources	are	provided	in	Table	3.	
Table	3	Oxygen	Reaction	Rate	Coefficient	Inputs	

Input	 Units	 Source	 Value	
K*	 m3	O2/m2	pyrite	/	s	 Assumed	from	Literature	 5	×	10-10		
Cp	 %	 Site	Data	 1.92	
D10	 mm	 Site	Data	 0.00002	
D60	 mm	 Site	Data	 0.0095	
	

The	 calculated	Kr	 show	small	 increases	 in	Kr	with	 corresponding	 increases	 in	 saturation.	The	
increasing	Kr	(with	increasing	saturation)	can	be	explained	by	low	moisture	content	within	the	
reactive	materials	becoming	 the	 limiting	 factor	 in	 the	oxidation	process	(Gosselin	et	al.	2015),	
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diffusion	rates	based	on	the	air	and	water	content	were	then	calculated	and	these	relationships	
included	in	material	properties	in	CTRAN/W.	The	equations	utilised	to	calculate	oxygen	diffusion	
rates	(equations	1–4)	assume	ambient	temperatures	and	were	modiMied	from	Aachib	et	al.	(2004).	
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Where		n	represents	 the	porosity	of	 the	material;	𝐷𝐷0𝑎𝑎		and	𝐷𝐷 0𝑤𝑤		 represent	 the	coefMicient	of	 free	
diffusion	of	oxygen	in	air	and	water	respectively;	H	is	Henry’s	constant	(≈	0.03	@	20°C);	Pa	and	
Pw	are	calculated	as	a	function	of	the	volumetric	air	(𝜃𝜃𝑎𝑎)	and	water	(𝜃𝜃𝑤𝑤)	content.		

Further	considerations	have	been	given	to	 the	oxygen	reaction	rate	coefMicient	(Kr)	within	 the	
modelling	process	 as	 consumption	of	 oxygen	within	 the	placed	waste	material	will	 also	 drive	
advective	processes	within	the	backMilled	material.	The	Kr	has	been	estimated	based	on	surface	
kinetics	in	which	the	rate	considers	the	particle	size	distribution,	reactivity	of	pyrite	with	oxygen,	
the	pyrite	content	of	the	PAF	material	and	the	porosity	of	the	material.	Equation	5,	6	and	7	have	
been	utilised	as	per	Collin	(1987).	

𝐾𝐾𝐾𝐾 = 𝐾𝐾′ (
)"

	(1 − 𝑛𝑛)𝐶𝐶𝐶𝐶	 	 	 	 (5)	

𝐷𝐷* = [1 + 1.17 log(𝐶𝐶+)]𝐷𝐷",	 	 	 (6)	

𝐶𝐶+ = 𝐷𝐷(,/𝐷𝐷",	 	 	 	 	 (7)	

Where		K’	is	the	reactivity	of	pyrite	with	oxygen;	Cp	is	the	pyrite	content;	n	is	the	porosity;	Cu	is	
the	coefMicient	of	uniformity	(D60/D10)	

The	site-speciMic	values	adopted	in	the	above	equation	and	their	sources	are	provided	in	Table	3.	
Table	3	Oxygen	Reaction	Rate	Coefficient	Inputs	

Input	 Units	 Source	 Value	
K*	 m3	O2/m2	pyrite	/	s	 Assumed	from	Literature	 5	×	10-10		
Cp	 %	 Site	Data	 1.92	
D10	 mm	 Site	Data	 0.00002	
D60	 mm	 Site	Data	 0.0095	
	

The	 calculated	Kr	 show	small	 increases	 in	Kr	with	 corresponding	 increases	 in	 saturation.	The	
increasing	Kr	(with	increasing	saturation)	can	be	explained	by	low	moisture	content	within	the	
reactive	materials	becoming	 the	 limiting	 factor	 in	 the	oxidation	process	(Gosselin	et	al.	2015),	
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is	 substantially	 more	 rapid	 in	 air	 when	 compared	 to	 water	 and	 therefore	 the	 Da	 is	 many	
magnitudes	of	order	greater	than	the	Dw.	Thus	a	layer	remaining	saturated	(or	close	to	saturated)	
impedes	the	passage	of	oxygen	(in	air)	which	results	in	reduced	AMD	generation	(Mbonimpa	et	
al.	2002).	

The	speciMic	oxygen	diffusion	rates	for	both	the	gas	phase	and	dissolved	phase	have	been	derived	
based	on	Fick’s	Mirst	and	second	law	of	diffusion	which	describe	the	relationship	between	the	rate	
of	diffusion	and	the	three	factors	that	affect	diffusion-surface	area,	concentration	difference	and	
thickness	of	the	substrate	and	Henry’s	constant	which	relates	to	the	concentration	of	gas	particles	
in	the	solution	phase	that	is	in	equilibrium	with	the	pressure	of	the	gas	in	the	vapor	phase.		

Based	 on	 the	 backMilled	 waste	 and	 cover/liner	 properties	 as	 outlined	 in	 Table	1,	 the	 oxygen	
diffusion	rates	based	on	the	air	and	water	content	were	then	calculated	and	these	relationships	
included	in	material	properties	in	CTRAN/W.	The	equations	utilised	to	calculate	oxygen	diffusion	
rates	(equations	1–4)	assume	ambient	temperatures	and	were	modiMied	from	Aachib	et	al.	(2004).	
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Where		n	represents	 the	porosity	of	 the	material;	𝐷𝐷0𝑎𝑎		and	𝐷𝐷 0𝑤𝑤		 represent	 the	coefMicient	of	 free	
diffusion	of	oxygen	in	air	and	water	respectively;	H	is	Henry’s	constant	(≈	0.03	@	20°C);	Pa	and	
Pw	are	calculated	as	a	function	of	the	volumetric	air	(𝜃𝜃𝑎𝑎)	and	water	(𝜃𝜃𝑤𝑤)	content.		

Further	considerations	have	been	given	to	 the	oxygen	reaction	rate	coefMicient	(Kr)	within	 the	
modelling	process	 as	 consumption	of	 oxygen	within	 the	placed	waste	material	will	 also	 drive	
advective	processes	within	the	backMilled	material.	The	Kr	has	been	estimated	based	on	surface	
kinetics	in	which	the	rate	considers	the	particle	size	distribution,	reactivity	of	pyrite	with	oxygen,	
the	pyrite	content	of	the	PAF	material	and	the	porosity	of	the	material.	Equation	5,	6	and	7	have	
been	utilised	as	per	Collin	(1987).	

𝐾𝐾𝐾𝐾 = 𝐾𝐾′ (
)"

	(1 − 𝑛𝑛)𝐶𝐶𝐶𝐶	 	 	 	 (5)	

𝐷𝐷* = [1 + 1.17 log(𝐶𝐶+)]𝐷𝐷",	 	 	 (6)	

𝐶𝐶+ = 𝐷𝐷(,/𝐷𝐷",	 	 	 	 	 (7)	

Where		K’	is	the	reactivity	of	pyrite	with	oxygen;	Cp	is	the	pyrite	content;	n	is	the	porosity;	Cu	is	
the	coefMicient	of	uniformity	(D60/D10)	

The	site-speciMic	values	adopted	in	the	above	equation	and	their	sources	are	provided	in	Table	3.	
Table	3	Oxygen	Reaction	Rate	Coefficient	Inputs	

Input	 Units	 Source	 Value	
K*	 m3	O2/m2	pyrite	/	s	 Assumed	from	Literature	 5	×	10-10		
Cp	 %	 Site	Data	 1.92	
D10	 mm	 Site	Data	 0.00002	
D60	 mm	 Site	Data	 0.0095	
	

The	 calculated	Kr	 show	small	 increases	 in	Kr	with	 corresponding	 increases	 in	 saturation.	The	
increasing	Kr	(with	increasing	saturation)	can	be	explained	by	low	moisture	content	within	the	
reactive	materials	becoming	 the	 limiting	 factor	 in	 the	oxidation	process	(Gosselin	et	al.	2015),	

Formatted: Font: Not Bold, English (UK), Ligatures: Standard

Deleted: Table	1

Formatted: Font: Not Bold, English (UK), Ligatures: Standard

Deleted: Table	3

IMWA	2022	–	Reconnect	–	Christchurch,	New	Zealand	 	 					

4	

	

is	 substantially	 more	 rapid	 in	 air	 when	 compared	 to	 water	 and	 therefore	 the	 Da	 is	 many	
magnitudes	of	order	greater	than	the	Dw.	Thus	a	layer	remaining	saturated	(or	close	to	saturated)	
impedes	the	passage	of	oxygen	(in	air)	which	results	in	reduced	AMD	generation	(Mbonimpa	et	
al.	2002).	

The	speciMic	oxygen	diffusion	rates	for	both	the	gas	phase	and	dissolved	phase	have	been	derived	
based	on	Fick’s	Mirst	and	second	law	of	diffusion	which	describe	the	relationship	between	the	rate	
of	diffusion	and	the	three	factors	that	affect	diffusion-surface	area,	concentration	difference	and	
thickness	of	the	substrate	and	Henry’s	constant	which	relates	to	the	concentration	of	gas	particles	
in	the	solution	phase	that	is	in	equilibrium	with	the	pressure	of	the	gas	in	the	vapor	phase.		

Based	 on	 the	 backMilled	 waste	 and	 cover/liner	 properties	 as	 outlined	 in	 Table	1,	 the	 oxygen	
diffusion	rates	based	on	the	air	and	water	content	were	then	calculated	and	these	relationships	
included	in	material	properties	in	CTRAN/W.	The	equations	utilised	to	calculate	oxygen	diffusion	
rates	(equations	1–4)	assume	ambient	temperatures	and	were	modiMied	from	Aachib	et	al.	(2004).	
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Where		n	represents	 the	porosity	of	 the	material;	𝐷𝐷0𝑎𝑎		and	𝐷𝐷 0𝑤𝑤		 represent	 the	coefMicient	of	 free	
diffusion	of	oxygen	in	air	and	water	respectively;	H	is	Henry’s	constant	(≈	0.03	@	20°C);	Pa	and	
Pw	are	calculated	as	a	function	of	the	volumetric	air	(𝜃𝜃𝑎𝑎)	and	water	(𝜃𝜃𝑤𝑤)	content.		

Further	considerations	have	been	given	to	 the	oxygen	reaction	rate	coefMicient	(Kr)	within	 the	
modelling	process	 as	 consumption	of	 oxygen	within	 the	placed	waste	material	will	 also	 drive	
advective	processes	within	the	backMilled	material.	The	Kr	has	been	estimated	based	on	surface	
kinetics	in	which	the	rate	considers	the	particle	size	distribution,	reactivity	of	pyrite	with	oxygen,	
the	pyrite	content	of	the	PAF	material	and	the	porosity	of	the	material.	Equation	5,	6	and	7	have	
been	utilised	as	per	Collin	(1987).	

𝐾𝐾𝐾𝐾 = 𝐾𝐾′ (
)"

	(1 − 𝑛𝑛)𝐶𝐶𝐶𝐶	 	 	 	 (5)	

𝐷𝐷* = [1 + 1.17 log(𝐶𝐶+)]𝐷𝐷",	 	 	 (6)	

𝐶𝐶+ = 𝐷𝐷(,/𝐷𝐷",	 	 	 	 	 (7)	

Where		K’	is	the	reactivity	of	pyrite	with	oxygen;	Cp	is	the	pyrite	content;	n	is	the	porosity;	Cu	is	
the	coefMicient	of	uniformity	(D60/D10)	

The	site-speciMic	values	adopted	in	the	above	equation	and	their	sources	are	provided	in	Table	3.	
Table	3	Oxygen	Reaction	Rate	Coefficient	Inputs	

Input	 Units	 Source	 Value	
K*	 m3	O2/m2	pyrite	/	s	 Assumed	from	Literature	 5	×	10-10		
Cp	 %	 Site	Data	 1.92	
D10	 mm	 Site	Data	 0.00002	
D60	 mm	 Site	Data	 0.0095	
	

The	 calculated	Kr	 show	small	 increases	 in	Kr	with	 corresponding	 increases	 in	 saturation.	The	
increasing	Kr	(with	increasing	saturation)	can	be	explained	by	low	moisture	content	within	the	
reactive	materials	becoming	 the	 limiting	 factor	 in	 the	oxidation	process	(Gosselin	et	al.	2015),	
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coefficient of free diffusion of oxygen in air 
and water respectively; H is Henry’s constant 
(≈ 0.03 @ 20°C); Pa and Pw are calculated as a 
function of the volumetric air (θа) and water 
(θw) content. 

Further considerations have been given 
to the oxygen reaction rate coefficient (Kr) 
within the modelling process as consumption 
of oxygen within the placed waste material 
will also drive advective processes within the 
backfilled material. The Kr has been estimated 
based on surface kinetics in which the rate 
considers the particle size distribution, 
reactivity of pyrite with oxygen, the pyrite 
content of the PAF material and the porosity 
of the material. Equation 5, 6 and 7 have been 
utilised as per Collin (1987).

(5)

(6)

(7)

Where K’ is the reactivity of pyrite with 
oxygen; Cp is the pyrite content; n is the 
porosity; Cu is the coefficient of uniformity 
(D60 /D10)

The site-specific values adopted in the 
above equation and their sources are provided 
in Table 3.

The calculated Kr show small increases in 
Kr with corresponding increases in saturation. 
The increasing Kr (with increasing saturation) 
can be explained by low moisture content 
within the reactive materials becoming 
the limiting factor in the oxidation process 
(Gosselin et al. 2015), although it is likely 
the Kr value would decrease at very high 
saturation rates. The Kr values applied are 
therefore considered conservative.

The boundary conditions applied to the 
CTRAN/W model assume atmospheric oxy-
gen at a concentration of 276.7 g/m3 with a 
base concentration of 0 g/m3. 

Results 
The flat Wetland scenario (Scenario A) showed 
a high degree of saturation at the surface with 
saturation not falling below >93 % throughout 
the backfill profile due to applied rainfall and 
the water retaining capacity of the material 
properties. The flat soil scenario (Scenario 
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is	 substantially	 more	 rapid	 in	 air	 when	 compared	 to	 water	 and	 therefore	 the	 Da	 is	 many	
magnitudes	of	order	greater	than	the	Dw.	Thus	a	layer	remaining	saturated	(or	close	to	saturated)	
impedes	the	passage	of	oxygen	(in	air)	which	results	in	reduced	AMD	generation	(Mbonimpa	et	
al.	2002).	

The	speciMic	oxygen	diffusion	rates	for	both	the	gas	phase	and	dissolved	phase	have	been	derived	
based	on	Fick’s	Mirst	and	second	law	of	diffusion	which	describe	the	relationship	between	the	rate	
of	diffusion	and	the	three	factors	that	affect	diffusion-surface	area,	concentration	difference	and	
thickness	of	the	substrate	and	Henry’s	constant	which	relates	to	the	concentration	of	gas	particles	
in	the	solution	phase	that	is	in	equilibrium	with	the	pressure	of	the	gas	in	the	vapor	phase.		

Based	 on	 the	 backMilled	 waste	 and	 cover/liner	 properties	 as	 outlined	 in	 Table	1,	 the	 oxygen	
diffusion	rates	based	on	the	air	and	water	content	were	then	calculated	and	these	relationships	
included	in	material	properties	in	CTRAN/W.	The	equations	utilised	to	calculate	oxygen	diffusion	
rates	(equations	1–4)	assume	ambient	temperatures	and	were	modiMied	from	Aachib	et	al.	(2004).	
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Where		n	represents	 the	porosity	of	 the	material;	𝐷𝐷0𝑎𝑎		and	𝐷𝐷 0𝑤𝑤		 represent	 the	coefMicient	of	 free	
diffusion	of	oxygen	in	air	and	water	respectively;	H	is	Henry’s	constant	(≈	0.03	@	20°C);	Pa	and	
Pw	are	calculated	as	a	function	of	the	volumetric	air	(𝜃𝜃𝑎𝑎)	and	water	(𝜃𝜃𝑤𝑤)	content.		

Further	considerations	have	been	given	to	 the	oxygen	reaction	rate	coefMicient	(Kr)	within	 the	
modelling	process	 as	 consumption	of	 oxygen	within	 the	placed	waste	material	will	 also	 drive	
advective	processes	within	the	backMilled	material.	The	Kr	has	been	estimated	based	on	surface	
kinetics	in	which	the	rate	considers	the	particle	size	distribution,	reactivity	of	pyrite	with	oxygen,	
the	pyrite	content	of	the	PAF	material	and	the	porosity	of	the	material.	Equation	5,	6	and	7	have	
been	utilised	as	per	Collin	(1987).	

𝐾𝐾𝐾𝐾 = 𝐾𝐾′ (
)"

	(1 − 𝑛𝑛)𝐶𝐶𝐶𝐶	 	 	 	 (5)	

𝐷𝐷* = [1 + 1.17 log(𝐶𝐶+)]𝐷𝐷",	 	 	 (6)	

𝐶𝐶+ = 𝐷𝐷(,/𝐷𝐷",	 	 	 	 	 (7)	

Where		K’	is	the	reactivity	of	pyrite	with	oxygen;	Cp	is	the	pyrite	content;	n	is	the	porosity;	Cu	is	
the	coefMicient	of	uniformity	(D60/D10)	

The	site-speciMic	values	adopted	in	the	above	equation	and	their	sources	are	provided	in	Table	3.	
Table	3	Oxygen	Reaction	Rate	Coefficient	Inputs	

Input	 Units	 Source	 Value	
K*	 m3	O2/m2	pyrite	/	s	 Assumed	from	Literature	 5	×	10-10		
Cp	 %	 Site	Data	 1.92	
D10	 mm	 Site	Data	 0.00002	
D60	 mm	 Site	Data	 0.0095	
	

The	 calculated	Kr	 show	small	 increases	 in	Kr	with	 corresponding	 increases	 in	 saturation.	The	
increasing	Kr	(with	increasing	saturation)	can	be	explained	by	low	moisture	content	within	the	
reactive	materials	becoming	 the	 limiting	 factor	 in	 the	oxidation	process	(Gosselin	et	al.	2015),	
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is	 substantially	 more	 rapid	 in	 air	 when	 compared	 to	 water	 and	 therefore	 the	 Da	 is	 many	
magnitudes	of	order	greater	than	the	Dw.	Thus	a	layer	remaining	saturated	(or	close	to	saturated)	
impedes	the	passage	of	oxygen	(in	air)	which	results	in	reduced	AMD	generation	(Mbonimpa	et	
al.	2002).	

The	speciMic	oxygen	diffusion	rates	for	both	the	gas	phase	and	dissolved	phase	have	been	derived	
based	on	Fick’s	Mirst	and	second	law	of	diffusion	which	describe	the	relationship	between	the	rate	
of	diffusion	and	the	three	factors	that	affect	diffusion-surface	area,	concentration	difference	and	
thickness	of	the	substrate	and	Henry’s	constant	which	relates	to	the	concentration	of	gas	particles	
in	the	solution	phase	that	is	in	equilibrium	with	the	pressure	of	the	gas	in	the	vapor	phase.		

Based	 on	 the	 backMilled	 waste	 and	 cover/liner	 properties	 as	 outlined	 in	 Table	1,	 the	 oxygen	
diffusion	rates	based	on	the	air	and	water	content	were	then	calculated	and	these	relationships	
included	in	material	properties	in	CTRAN/W.	The	equations	utilised	to	calculate	oxygen	diffusion	
rates	(equations	1–4)	assume	ambient	temperatures	and	were	modiMied	from	Aachib	et	al.	(2004).	
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'

− 1.515𝜃𝜃 &
'

+ 0.987𝜃𝜃𝐷𝐷 + 3.118		 (4)	

Where		n	represents	 the	porosity	of	 the	material;	𝐷𝐷0𝑎𝑎		and	𝐷𝐷 0𝑤𝑤		 represent	 the	coefMicient	of	 free	
diffusion	of	oxygen	in	air	and	water	respectively;	H	is	Henry’s	constant	(≈	0.03	@	20°C);	Pa	and	
Pw	are	calculated	as	a	function	of	the	volumetric	air	(𝜃𝜃𝑎𝑎)	and	water	(𝜃𝜃𝑤𝑤)	content.		

Further	considerations	have	been	given	to	 the	oxygen	reaction	rate	coefMicient	(Kr)	within	 the	
modelling	process	 as	 consumption	of	 oxygen	within	 the	placed	waste	material	will	 also	 drive	
advective	processes	within	the	backMilled	material.	The	Kr	has	been	estimated	based	on	surface	
kinetics	in	which	the	rate	considers	the	particle	size	distribution,	reactivity	of	pyrite	with	oxygen,	
the	pyrite	content	of	the	PAF	material	and	the	porosity	of	the	material.	Equation	5,	6	and	7	have	
been	utilised	as	per	Collin	(1987).	

𝐾𝐾𝐾𝐾 = 𝐾𝐾′ (
)"

	(1 − 𝑛𝑛)𝐶𝐶𝐶𝐶	 	 	 	 (5)	

𝐷𝐷* = [1 + 1.17 log(𝐶𝐶+)]𝐷𝐷",	 	 	 (6)	

𝐶𝐶+ = 𝐷𝐷(,/𝐷𝐷",	 	 	 	 	 (7)	

Where		K’	is	the	reactivity	of	pyrite	with	oxygen;	Cp	is	the	pyrite	content;	n	is	the	porosity;	Cu	is	
the	coefMicient	of	uniformity	(D60/D10)	

The	site-speciMic	values	adopted	in	the	above	equation	and	their	sources	are	provided	in	Table	3.	
Table	3	Oxygen	Reaction	Rate	Coefficient	Inputs	

Input	 Units	 Source	 Value	
K*	 m3	O2/m2	pyrite	/	s	 Assumed	from	Literature	 5	×	10-10		
Cp	 %	 Site	Data	 1.92	
D10	 mm	 Site	Data	 0.00002	
D60	 mm	 Site	Data	 0.0095	
	

The	 calculated	Kr	 show	small	 increases	 in	Kr	with	 corresponding	 increases	 in	 saturation.	The	
increasing	Kr	(with	increasing	saturation)	can	be	explained	by	low	moisture	content	within	the	
reactive	materials	becoming	 the	 limiting	 factor	 in	 the	oxidation	process	(Gosselin	et	al.	2015),	
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B) showed a similar high degree of profile 
saturation with desaturation within the soil 
itself a function of the relatively higher water 
conductivity compared to the wetland (1 × 
10-4 m/s compared to 1 × 108 m/s for the soil/
wetland covers respectively). 

The sloped soil covers (Scenarios C and 
D) showed lower saturation levels in the 
sub-surface (to depths of approximately 5 
and 10 below the landform) for the 10° and 
20° slopes respectively which reflect the 
expected lower infiltration rates (and higher 
runoff rates) of rainfall on the sloped surfaces 
compared to the flat surface profiles and as 
per Scenario B, the relatively high assumed 
hydraulic conductivity value applied to the 
cover soil material.

Scenario A (Flat Wetland) has a low 
modelled flux of oxygen (5.6 × 10-10 kg/d/m2) 
infiltrating the cover material (Table 4). This 
is a reflection of the high saturation rates of 
the wetland and the high water groundwater 
table within the PAF material (the modelled 
minimum groundwater level is ca. 2 metres 
below the surface of the backfilled material). 
The modelled oxygen flux rate increases by 
several orders of magnitude in Scenario 2 
(flat topsoiled scenario) which is largely a 
function of the assumed increased hydraulic 
conductivity within the soil (compared to 
the wetland cover). The sloped scenarios see 
increasing rates of oxygen flux reaching back-
filled PAF, although this flux is limited to 

the upper 2–3 m of the stored material with 
very low oxygen flux rates still evident in all 
modelled scenarios (<1.0 × 10-10 kg/d/m2) 
below this point. 

Discussion and Conclusion
The oxygen model suggests low rates of oxygen 
flux beneath the proposed wetland area within 
the backfilled North Pit. This is a result of the 
expected high groundwater table, flat profile of 
the surface materials and saturated state of the 
overlying materials. Organic material within 
the wetland will also likely consume oxygen 
resulting in a low risk of oxygen inundation 
into the stored PAF material. The modelling 
suggests that storage of PAF material in the 
unsaturated zone beneath the wetland presents 
a low overall risk of substantial oxygen ingress 
and hence acidification of that material upon 
mine closure.

Modelling suggests that backfilled 
areas covered in soil will likely result in 
greater rates of oxygen ingress and risk to 
acidification to underlying non-saturated 
PAF material compared to the wetland area. 
This effect is more pronounced in the sloped 
backfill scenarios where rainfall infiltration 
is reduced and the underlying groundwater 
table is potentially lower.

A number of oxygen probes are present 
within BTs Stockton Mine and the Northern 
Elevated Landform (NELF) adjacent the 
Cypress North Pit where monitored oxygen 

Input Units Source Value

K * m3 O2/m2 pyrite / s Assumed from Literature 5 × 10-10 

Cp % Site Data 1.92

D10 mm Site Data 0.00002

D60 mm Site Data 0.0095

Table 3 Oxygen Reaction Rate Coefficient Inputs

Scenario Scenario Description Oxygen Flux kg/d/m2  
(at top of PAF material)

Oxygen Flux kg/d/m2  
(at 2 m depth)

A Flat Wetland area 5.6 × 10-10 <1.0 × 10-10

B Flat topsoiled area 1.1 × 10-5 <1.0 × 10-10

C Transition area with 10 degree slope 8.5 × 10-5 <1.0 × 10-10

D Topsoiled area with 20 degree slope 4.0 × 10-4 1.71 × 10-6*

Table 4 Modelled Oxygen Flux

*Reduces to <1.0 × 10-10 kg/d/m2 at 3m below surface.
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concentrations are reduced considerably (by 
several orders of magnitude) between the 
surface, the top 1m of backfill and the backfill 
below this depth. These observations align 
with predictions for the non-wetland cover 
scenarios presented here where a rapid decrease 
in concentration is observed within the top 1 
m of backfill. This suggest that low ingress of 
oxygen through the cover surface at Stockton is 
common and that the modelled results here are 
reasonable and consistent with this. 

The rate of oxygen ingress in the non-
wetland scenarios may be reduced by 
material selection and/or soil conditioning. 
Terracing and/or slope reduction may 
also reduce the oxygen ingress and AMD 
generation in these areas. Likewise, the risk 
to acidification and generation of AMD may 
be reduced by placement of PAF material 
outside the zone of oxidation and/or the 
placement of low PAF material in the upper 
zones of the backfill. The risk to the receiving 
environment (in terms of AMD generation, 
flux and seepage) should be assessed based 
on these findings to optimise PAF placement 
within the North Pit.

The predicted oxygen flux rates for the 
non-wetland scenarios can be further refined 
once the conceptual cover design(s) are better 
understood. It is acknowledged that a 0.3 m 
soil cover is a very simplified cover and that 
in reality such a cover ‘type’ would consist 
of several layers of engineered material to 
enable vegetation growth, limit erosion and 
limit oxygen ingress with the sloped areas 
potentially containing terraces as well as 
sloped portions. The material would likely be 
limited to locally sourced/stockpiled material 
and soil properties could vary over different 
portions of the backfill. Once these variables 
are understood, the conceptual cover design 
can be developed further to better represent 
the conceptual design (rather than the 
presented simplified cross sections), allowing 
the placement of PAF to be optimised. Revised 
oxygen modelling will be able to provide 
oxygen flux over the entirety of the backfilled 
North Pit in order to better quantify likely 
ingress rates and ultimately AMD generation 
over the pit as a whole.

It is recommended that rehabilitated 
backfill covers be conceptualised in more 
detail with potential closure options (e.g. 

sloped, flat, terraced) replicated on site (to 
as close as feasibly possible). This should 
enable field calibration measures for the 
oxygen modelling and will enable further 
development of the oxygen model.
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Cost Effective Management of AMD Sludge at Stockton Coal Mine
Jodi Murray, Barry Walker

BT Mining, Stockton Mine, Stockton Road 7823, jodi.murray@bathurst.co.nz

Abstract
One of the key aspects of Acid Mine Drainage (AMD) treatment is the management of 
the sediment and metal precipitates (sludge) generated throughout the neutralisation 
process. Use of a processed limestone product such as calcium oxide (CaO) can result in 
a very low density and voluminous sludge that requires a large storage volume. Actively 
removing the accumulated sludge from within the retention structures can be a high 
risk, costly and time-consuming process. A variety of methods have been implemented 
to manage the sludge accumulation and retain clean water freeboard while maintaining 
good water quality and continuity of mining operations. 
Keywords: Acid Mine Drainage, Sludge, Sump Accumulation, Filter Beds

Introduction 
Stockton Mine on the West Coast of the 
South Island in New Zealand receives an 
average annual rainfall of 5.5 m. The Brunner 
coal measures from which coal is extracted 
at the mine, is classified as potentially acid 
forming and runoff across exposed surfaces 
produces AMD. The resulting acid load of 
up to 10,000 tons per annum from within 
the Mangatini catchment at Stockton Mine, 
requires an alkaline reagent and sludge 
capture within a large retention structure. 
Mangatini Sump was commissioned in 2009 
for this purpose, with a total construction 
cost of approximately $20 M. Treatment and 
collection of the sludge caused both the dead 
and active storage within Mangatini Sump 
to be consumed in a shorter than expected 
timeframe. The sludge accumulation rate was 
estimated initially as 100,000 m3 per year, 
accelerating to 200,000 m3 per year following 
a change of the alkaline reagent from ultrafine 
limestone (UFL) to CaO.

The large quantity of sludge produced 
endorses the desire to manage the sludge, 
rather than continually build new structures 
and rehabilitate old ones. Given that sludge 
management is likely to be an ongoing 
requirement, it was decided to investigate 
sludge removal methods that would provide 
a continuous and sustainable system rather 
than an extensive clean out every few years. 
This would also enable the removed sludge 

to be disposed of in smaller manageable 
quantities. Management of the AMD sludge 
accumulation has required a multi-method 
approach based upon weather conditions 
and dewatering availability. These developed 
systems have proved themselves capable of 
maintaining sludge levels and resultant free 
board in a cost effective manner.

Methods
During fine weather the sludge is pumped 
to filter beds, geotube bags or recycled back 
into the raw water. When sump water levels 
are low, the coarser sludge accumulated at 
the sump inlet can be removed by a digger 
and trucks. Consistent rainfall and high 
stream levels provides the opportunity to 
discharge controlled quantities of the lower 
density sludge from the sump directly into 
the original stream. Pumping to filter beds 
for dewatering and decant discharge to the 
original stream are the methods outlined in 
the following sections.

Pumping system
A submersible water pump suspended 4 m 
below the water surface on a pontoon is moved 
around the sump picking up the sludge. 
Currently the pump is shifted approximately 5 
metres every 15 minutes using a hand winch. 
This pumps to a staging sump where variable 
solids percentage within the pumped flow 
can mix creating a slurry with a consistent 
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solids content. From the staging sump the 
slurry can be directed to either a filter bed 
or geotube bag for dewatering or a raw water 
stream for recycling.

Filter beds
Filter beds were created using stripped over-
burden material from a mining pit, lined with 
a pH neutral sealing layer, strategically placed 
Megaflo drainage pipe that was covered in 
drainage metal, then a 0.5 m layer of coal 
fines. These coal fines are a reject material 
from the coal handling and processing plant 
and provide an ideal filter medium that retain 
the solids from the slurry while allowing 
free draining of the water. Reject coal fines 
typically have a particle size range from fine 
silt to pebble. The dewatered sludge is of a 
density that can be removed from the filter 
beds using diggers and trucks. 

Stream discharge
During consistent rainfall and high stream 
flows the sludge can be released from 
Mangatini Sump via the floating decants or 
pumped directly into the natural stream. The 
inlet culvert to Mangatini Sump is blocked 
and stream flows are bypassed around the 
side spill of the sump. Water level is lowered 

in the sump until the floating decants draw 
from the sludge. Rates of discharge are 
controlled depending upon the stream 
flows and turbidity of the decanting water. 
Telemetry from MG sump and downstream is 
monitored in real time to ensure compliance 
with granted consent conditions. 

Sludge build up around the floating de-
cant pipes is removed by a submersible 
pump that is located between the two pipes. 
Consolidated sludge that does not free flow is 
stirred up by an air compressed bubbler and 
is carried to the decants by a small flow that is 
permitted past the inlet culvert block.

A contaminant load model was created 
using extensive water quality data collected 
over many years in the receiving streams. 
This model proved there would be neglible 
influence on the natural streams from the 
discharged sludge. A biennial review is carried 
out to update the discharge control matrix 
and verify the natural environment suffered 
no adverse effects from this operation.

Results
Through engaging the above methods, the 
sludge accumulation rate in Mangatini Sump 
has reduced over the past 5 years that these 
systems have been in operation. Regular 
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Figure	1	Sludge	volume	calculated	from	sonar	surveys	

	

Dewatered	sludge	captured	in	the	filter	beds	is	successfully	removed	using	diggers	and	trucks	to	
a	final	dump	location	(fig.	2).	

	

Figure	2	Dewatered	sludge	being	removed	from	within	a	filter	bed	
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sonar surveys are conducted over the sump 
to monitor sludge levels. Insitu samples are 
taken from depth to identify any changes in 
consolidation and subsequent density of the 
sludge product over time.

Figure 1 shows the sludge accu mulation 
rate before and after active sludge management 
began. CaO dosing date is also shown as 
an increased rate of sludge accu mulation 
was observed with CaO compared with 
the previous rate for UFL. The small dip in 

volume was due to the Mangatini Sump being 
bypassed for 5 months during remediation 
to the floating decant system. 8,000 m3 was 
removed over this time by diggers and trucks 
with the remaining drop in volume likely to be 
consolidation of the sludge. 

Dewatered sludge captured in the filter 
beds is successfully removed using diggers 
and trucks to a final dump location (fig. 2). 
18 Decant discharges have successfully taken 
place over the past 2 years.

Figure 2 Dewatered sludge being removed from within a filter bed
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18	decant	discharges	have	successfully	taken	place	over	the	past	2	years.	

An	example	of	the	compliance	plot	for	a	decant	discharge	event	is	shown	below	in	Figure	3	where	
the	red	turbidity	limit	is	based	on	the	stream	flows,	the	green	line	is	the	8	hour	averaged	turbidity	
as	measured	by	a	real	 time	telemetry	sensor	and	the	grey	shaded	areas	are	the	blocks	of	 time	
sludge	was	being	discharged	through	the	decants	of	Mangatini	Sump.	Compliance	requires	the	
green	line	to	be	beneath	the	red	line	at	all	times.	

	

Figure	3	Compliance	plot	for	a	decant	discharge	event	
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Reject	coal	fines	provide	a	ideal	medium	to	filter	the	sludge	and	allow	clean	water	to	be	discharged	
from	the	bed.	Currently	the	discharge	from	the	filter	bed	is	required	to	be	directed	to	site	water	
systems	as	the	coal	fines	have	a	pH	of	approximately	3.8,	so	although	the	supernatent	water	in	the	
filter	beds	has	a	pH	of	around	6,	 it	gets	affected	by	 the	coal	 fines	 filter.	The	dewatered	sludge	
generally	has	a	moisture	content	of	between	88	and	93%.	

The	majority	of	the	acidity	load	reporting	to	the	Mangatini	Sump	is	aluminium	(Al)	and	iron	(Fe)	
and	 the	 treated	 pH	 target	 of	 5.5	 at	 the	 sump	 discharge	 was	 selected	 to	 capture	 these	 metals.	
Throughout	 the	 lime	 treatment	 process,	 the	 pH	 can	 peak	 above	 this	 target	 resulting	 in	
precipitation	of	other	metals	such	as	nickel	(Ni)	and	zinc	(Zn)	as	these	are	adsorbed	to	the	Fe	and	
Al	 (hydr)oxides	 present	 in	 the	 sludge	 (Pope	 and	 Christensen	 2016).	 A	 concern	 of	 actively	
decanting	sludge	with	these	metals	contained	within	it	was	the	potential	for	dissolution	within	a	
lower	pH	enviroment.	As	Zn	typically	has	a	stronger	affinity	for	metal	oxide	surfaces	compared	
with	 Ni,	 we	 would	 expect	 to	 see	 more	 mobilisation	 of	 Ni	 than	 Zn	 at	 the	 same	 pH	 (Pope	 and	
Christensen	2016).	

Manual	water	quality	samples	are	taken	at	the	Ngakawau	River	(NR)	monitoring	site	throughout	
a	decant	discharge.	Figures	4	and	5	below	show	the	pH	and	dissolved	Al	and	dissolved	Ni	and	Zn	
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An example of the compliance plot for 
a decant discharge event is shown in Figure 
3 where the red turbidity limit is based on 
the stream flows, the green line is the 8 hour 
averaged turbidity as measured by a real 
time telemetry sensor and the grey shaded 
areas are the blocks of time sludge was being 
discharged through the decants of Mangatini 
Sump. Compliance requires the green line to 
be beneath the red line at all times.

Discussion
Reject coal fines provide a ideal medium 
to filter the sludge and allow clean water to 
be discharged from the bed. Currently the 
discharge from the filter bed is required to be 
directed to site water systems as the coal fines 
have a pH of approximately 3.8, so although 
the supernatent water in the filter beds has 
a pH of around 6, it gets affected by the coal 
fines filter. The dewatered sludge generally has 
a moisture content of between 88 and 93%.

The majority of the acidity load reporting 
to the Mangatini Sump is aluminium (Al) 
and iron (Fe) and the treated pH target of 5.5 
at the sump discharge was selected to capture 
these metals. Throughout the lime treatment 
process, the pH can peak above this target 
resulting in precipitation of other metals 
such as nickel (Ni) and zinc (Zn) as these 

are adsorbed to the Fe and Al (hydr)oxides 
present in the sludge (Pope and Christensen 
2016). A concern of actively decanting sludge 
with these metals contained within it was the 
potential for dissolution within a lower pH 
enviroment. As Zn typically has a stronger 
affinity for metal oxide surfaces compared 
with Ni, we would expect to see more 
mobilisation of Ni than Zn at the same pH 
(Pope and Christensen 2016).

Manual water quality samples are taken 
at the Ngakawau River (NR) monitoring site 
throughout a decant discharge. Figures 4 and 
5 show the pH and dissolved Al and dissolved 
Ni and Zn respectively with comparisons 
between normal daily samples and samples 
taken with decant sludge inclusion.

These results show that the concentrations 
of the analysed metals are not greater than 
typical conditions and dissolution is not 
occuring at excessive rates. This is likely 
due to the pH generally staying above 6 in 
the receiving streams throughout a decant 
discharge.

Optimisation of the sludge management 
systems is continuing with the following 
improvements underway:
• Semi-automatic shifting of the sludge 

pumping pontoon using slow moving 
winches and a pivot system. 
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respectively	with	 comparisons	 between	normal	 daily	 samples	 and	 samples	 taken	with	 decant	
sludge	inclusion.	

These	results	show	that	the	concentrations	of	the	analysed	metals	are	not	greater	than	typical	
conditions	and	dissolution	is	not	occuring	at	excessive	rates.	This	is	likely	due	to	the	pH	generally	
staying	above	6	in	the	receiving	streams	throughout	a	decant	discharge.	

	

Figure	4	pH	and	dissolved	Al	at	NR	monitoring	site	
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• Improved control of the Mangatini Sump 
inlet culvert seal during decant discharges 
to allow required flows to enter the sump, 
assisting in sludge movement to the de-
cants.

• Semi-automatic shifting of the com-
pressed air bubbler along designated 
sludge routes.

• Progressive rehabilitation of overburden 
dumps to reduce the AMD runoff.

If no action had been taken to reduce the 
sludge accumulation rate in Mangatini Sump, 
it is anticipated that available freeboard would 
have been consumed by 2019. At a spend 
of $20 M to construct, that is $2 M per year 
for sludge containment. The current sludge 
management methods are costing $0.5 M per 
year with a forecasted spend of $0.3 M per year 
once the optimised systems are all in place.

Conclusions
The desired outcome of utilising the above 
methods to manage sludge accumulation 
in the Mangatini Sump is to provide 
sustainable operational control of sludge 
levels. The cost to construct treatment 

sumps and then rehabilitate at the end of 
their lifespan is substantial and ongoing. By 
actively managing the sludge accumulation 
to maintain operational freeboard, the sump 
and associated infrastructure can stay in use 
for its required timeframe. Smaller volumes of 
continuously removed sludge can be managed 
within existing disposal systems without 
the need to construct a specific structure. 
Sludge management has become part of the 
operational and management system of the 
Mangatini Sump at Stockton, providing a cost 
effective solution to an ongoing challenge of 
AMD treatment.
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Figure	5	Dissolved	Ni	and	Zn	at	NR	monitoring	site	

Optimisation	of	the	sludge	management	systems	is	continuing	with	the	following	improvements	
underway:	

• Semi-automatic	shifting	of	the	sludge	pumping	pontoon	using	slow	moving	winches	and	a	
pivot	system.		

• Improved	control	of	 the	Mangatini	Sump	 inlet	culvert	seal	during	decant	discharges	 to	
allow	required	flows	to	enter	the	sump,	assisting	in	sludge	movement	to	the	decants.	

• Semi-automatic	shifting	of	the	compressed	air	bubbler	along	designated	sludge	routes.	
• Progressive	rehabilitation	of	overburden	dumps	to	reduce	the	AMD	runoff.	

If	 no	 action	 had	 been	 taken	 to	 reduce	 the	 sludge	 accumulation	 rate	 in	 Mangatini	 Sump,	 it	 is	
anticipated	that	available	freeboard	would	have	been	consumed	by	2019.	At	a	spend	of	$20	M	to	
construct,	that	is	$2	M	per	year	for	sludge	containment.	The	current	sludge	management	methods	
are	costing	$0.5	M	per	year	with	a	forecasted	spend	of	$0.3	M	per	year	once	the	optimised	systems	
are	all	in	place.	

Conclusions	

The	 desired	 outcome	 of	 utilising	 the	 above	 methods	 to	 manage	 sludge	 accumulation	 in	 the	
Mangatini	 Sump	 is	 to	 provide	 sustainable	 operational	 control	 of	 sludge	 levels.	 The	 cost	 to	
construct	 treatment	sumps	and	then	rehabilitate	at	 the	end	of	 their	 lifespan	 is	substantial	and	
ongoing.	By	actively	managing	 the	sludge	accumulation	 to	maintain	operational	 freeboard,	 the	
sump	and	associated	infrastructure	can	stay	in	use	for	its	required	timeframe.	Smaller	volumes	of	
continuously	removed	sludge	can	be	managed	within	existing	disposal	systems	without	the	need	
to	 construct	 a	 specific	 structure.	 Sludge	management	 has	 become	part	 of	 the	 operational	 and	
management	system	of	the	Mangatini	Sump	at	Stockton,	providing	a	cost	effective	solution	to	an	
ongoing	challenge	of	AMD	treatment.	
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Abstract
The Globe Pit Lake (GPL), part of the Globe Progress Mine, located near Reefton New 
Zealand is an orogenic Au mine that is in the final stages of closure and rehabilitation. 
As part of early closure activities, the GPL was dosed with FeCl3 to remove arsenic (As) 
from solution via adsorption onto hydrous ferric oxides (HFO).

A high-level empirical As load model was developed to understand future man-
agement options for the GPL including possible scenarios such as As remobilisation/
desorption from the HFO and increasing As inputs.  This study considered As inputs 
from Union Creek Waste Rock Stack (WRS), which appear to be minor, and As inputs 
from the pit wall rock, which appear to be the greater contributor of As into the GPL 
(and potentially underground workings).

Data indicates that the Union Creek WRS underdrain seepage has a negative correla-
tion between As and Sb, not consistent with the positive correlation observed in the GPL. 
Furthermore, the average As load from the Union Creek WRS is ≈14.6 kg/year, signifi-
cantly lower than the load estimated for the first few years of GPL filling of ≈ 950 kg/year.

Three events contributed significantly to the decrease of As load in the GPL. The 
first one being the planned removal of As with FeCl3 dosing, the second one due to rock 
and sediment input from the construction of the pit lake spillway (which might also 
have stirred up Fe precipitates on the floor of the pit), and the third one due to a second 
FeCl3 dosing event. Monitoring results indicated that Sb does not seem to be affected by 
co-precipitation or absorption as demonstrated by no decrease in Sb concentrations fol-
lowing the FeCl3 dosing events. Therefore, the original positive Sb:As correlation (prior 
to FeCl3 dosing)was used to derived As loads over the monitoring timeframe and hence 
the quantity of As immobilised in pit sludge / sediment.

Modelling results suggest that if As in the HFO sludge/sediment was to be remobil-
ised, that As concentrations could increase up to 0.45 mg of As/L with poor water qual-
ity (> 0.1 mg/L) lasting for 10 -16 years after remobilisation commences.  Management 
options have been identified if this was to occur, which are supported by trigger action 
response plans.

Globe Progress Lake – Closure Performance 
Monitoring and Adaptive Management

Leonardo Navarro1, Stephanie Hayton2, Megan Williams2, Paul Weber1

1Mine Waste Management, Christchurch, New Zealand, leo.navarro@minewaste.com.au, paul.weber@
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Introduction 
As part of the Reefton Restoration Project 
at the Globe Progress Mine, OceanaGold is 
decommissioning the water treatment plant 
(WTP), which previously treated mine-
impacted water at the site. OceanaGold need 
to confirm that the decommissioning of the 
WTP is acceptable from a risk management 
perspective as well as confirming that the 
potential for exceeding the resource consent 
limits of 0.1/0.25/3.3 mg As/L (median-12 

month/ 90th percentile-12 month / maximum) 
at the compliance water monitoring location 
DC01, downstream in Devils Creek is low, 
and that adaptive management options are 
in place if As concentrations increase in the 
future. 

One of the key components of the Reefton 
Restoration Project that require assessment 
to understand water quality risks after the 
removal of the WTP is the GPL. GPL currently 
receives water inputs from the Union Creek 
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WRS, nearby clean water catchments, and 
the Globe Progress Pit walls (and potentially 
underground workings).

As concentrations were elevated in the 
GPL prior to treatment using ferric chloride 
(FeCl3), which was added to the pit lake 
to remove As through As sorption to Fe 
hydroxides (e.g. Pierce & Moore, 1982). 
Following this treatment, As concentrations 
are now sufficiently low that GPL waters 
can be discharged directly from the pit lake 
via the spillway without treatment. Arsenic 
source hazards contributing to the As load in 
the GPL include:
• As input from Union Creek WRS;
• As input from the Globe Progress Pit 

walls; and
• Potential As remobilisation from sludge 

associated with FeCl3 dosing and 
sediment adsorption.

The purpose of this study is to review the 
potential effects of these source hazards 
to understand what adaptive management 
options may be required.

Methods 
Load estimation and theoretical  
concentration
GPL load for arsenic and antimony was 
estimated by using Eq. 1. To address the 
thermal stratification occurring in the lake 
which causes variable concentration as a 
function of depth, the lake is discretised in 
the epilimnion and hypolimnion to estimate 
loads separately. 
(Eq.1)
Load (kg) = Volume (m3) × Concentration (kg/m3)

From the estimated total GPL load, a 
theoretical concentration can be estimated 
based on the pit lake volume. That theoretical 
concentration represents a weighted average 
for As and Sb. 

Arsenic and antimony reservoir load 
model
An empirical As GPL reservoir load model 
was developed to estimate the potential 
impact on water quality if As is remobilised 
into the lake from HFO sludge / sediment. 
Data utilised included the GPL As load model 
results and volumes between October 2015 

to March 2022 to understand the amount 
of As that could be stored in the GPL (i.e., 
the As reservoir).  This data is then used to 
determine the risks for elevated As in the 
GPL should this be remobilised.  

Based on the As load model, an As input 
rate is proposed with a decay constant.  In 
order to replicate the observed concentrations 
of As and Sb as shown in Eq. 2.
(Eq.2)

Where C1 corresponds to the initial input rate 
of As, C2 is a decay exponent; and M and M0 
correspond to the current and initial mass 
of As and Sb. Values were calibrated using 
measured data in GPL from September 2015 
to July 2019, prior to pumping / discharge 
of pit water (required to maintain a low pit 
lake level for construction activities, which 
then influence the contaminant load model). 
Arsenic input rates to GPL were assumed to be 
133% of the Sb input rates to GPL. Theoretical 
concentrations were then calculated as the 
load divided by GPL volume.

Modelled scenarios
Two scenarios are defined for the previous 
model to predict future loads and 
concentrations post-closure:
1. Scenario 1: Arsenic remobilisation from 

pit lake sediments/sludge could occur if 
the pit lake became anoxic and the HFO 
was reduced to Fe(II) or As (V) to As(III), 
which could release As back into solution 
(e.g. Xie et al., 2018).

2. Scenario 2: Higher As inputs from the 
GPL pit walls and/or Union Creek WRS 
where the As input rate increases by a 
factor of 5 or 10 once GPL is filled.

Both scenarios are unlike to occur, 
however, quantifying the possible loads and 
concentrations was useful to understand 
what adaptive management options may be 
required.

Results
Load and concentration
Arsenic load into the pit lake was estimated 
to be ≈ 950 kg/year during the first 2 – 3 years 
(As and Sb loads into the GPL are shown in 
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As	 concentrations	 were	 elevated	 in	 the	 GPL	 prior	 to	 treatment	 using	 ferric	 chloride	 (FeCl3),	
which	was	added	to	the	pit	lake	to	remove	As	through	As	sorption	to	Fe	hydroxides	(e.g.	Pierce	&	
Moore,	 1982).	 Following	 this	 treatment,	 As	 concentrations	 are	 now	 sufficiently	 low	 that	 GPL	
waters	can	be	discharged	directly	from	the	pit	lake	via	the	spillway	without	treatment.	Arsenic	
source	hazards	contributing	to	the	As	load	in	the	GPL	include:	

• As	input	from	Union	Creek	WRS;	
• As	input	from	the	Globe	Progress	Pit	walls;	and	
• Potential	 As	 remobilisation	 from	 sludge	 associated	 with	 FeCl3	 dosing	 and	

sediment	adsorption.	

The	purpose	of	this	study	is	to	review	the	potential	effects	of	these	source	hazards	to	understand	
what	adaptive	management	options	may	be	required.	

Methods		
Load estimation and theoretical concentration 

GPL	 load	 for	 arsenic	 and	 antimony	 was	 estimated	 by	 using	 Eq.	 1.	 To	 address	 the	 thermal	
stratification	occurring	 in	 the	 lake	which	causes	variable	concentration	as	a	 function	of	depth,	
the	lake	is	discretised	in	the	epilimnion	and	hypolimnion	to	estimate	loads	separately.		

(𝐸𝐸𝐸𝐸. 1)                            𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑘𝑘𝑘𝑘)  =  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝑚𝑚!) × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑘𝑘𝑘𝑘/𝑚𝑚!)	

From	the	estimated	total	GPL	load,	a	theoretical	concentration	can	be	estimated	based	on	the	pit	
lake	volume.	That	theoretical	concentration	represents	a	weighted	average	for	As	and	Sb.		

Arsenic and antimony reservoir load model 

An	empirical	As	GPL	 reservoir	 load	model	was	developed	 to	 estimate	 the	potential	 impact	 on	
water	 quality	 if	 As	 is	 remobilised	 into	 the	 lake	 from	 HFO	 sludge	 /	 sediment.	 Data	 utilised	
included	the	GPL	As	 load	model	results	and	volumes	between	October	2015	to	March	2022	to	
understand	the	amount	of	As	that	could	be	stored	in	the	GPL	(i.e.,	the	As	reservoir).		This	data	is	
then	used	to	determine	the	risks	for	elevated	As	in	the	GPL	should	this	be	remobilised.			

Based	on	 the	As	 load	model,	 an	As	 input	 rate	 is	 proposed	with	 a	 decay	 constant.	 	 In	 order	 to	
replicate	the	observed	concentrations	of	As	and	Sb	as	shown	in	Eq.	2.	

𝐸𝐸𝐸𝐸. 2                      𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼!"#$%&(𝑘𝑘𝑘𝑘/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) = 𝐶𝐶!
𝑀𝑀
𝑀𝑀!

!!
 

Where	 C1	 corresponds	 to	 the	 initial	 input	 rate	 of	 As,	 C2	 is	 a	 decay	 exponent;	 and	 M	 and	 M0	
correspond	to	the	current	and	initial	mass	of	As	and	Sb.	Values	were	calibrated	using	measured	
data	 in	 GPL	 from	 September	 2015	 to	 July	 2019,	 prior	 to	 pumping	 /	 discharge	 of	 pit	 water	
(required	 to	maintain	 a	 low	pit	 lake	 level	 for	 construction	 activities,	which	 then	 in*luence	 the	
contaminant	load	model).	Arsenic	input	rates	to	GPL	were	assumed	to	be	133%	of	the	Sb	input	
rates	 to	 GPL.	 Theoretical	 concentrations	 were	 then	 calculated	 as	 the	 load	 divided	 by	 GPL	
volume.	

Modelled scenarios 

Two	 scenarios	 are	 defined	 for	 the	 previous	model	 to	 predict	 future	 loads	 and	 concentrations	
post-closure:	

1. Scenario	1:	Arsenic	 remobilisation	 from	pit	 lake	 sediments/sludge	 could	occur	 if	 the	
pit	lake	became	anoxic	and	the	HFO	was	reduced	to	Fe(II)	or	As	(V)	to	As(III),	which	could	
release	As	back	into	solution	(e.g.	Xie	et	al.,	2018).	

2. Scenario	2:	Higher	As	inputs	from	the	GPL	pit	walls	and/or	Union	Creek	WRS	where	the	
As	input	rate	increases	by	a	factor	of	5	or	10	once	GPL	is	filled.	
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Figure 1 Arsenic and antimony loads estimation.

Figure 2 Arsenic and antimony theoretical concentrations and the As median resource consent limit  
(0.1 g/m3) for reference.

 

Figure 1). Arsenic load from the Union Creek 
WRS was estimated to be 14.6 kg/year, which 
is considered negligible and not material 
compared to the  current state (≈ 1.5% of the 
total input in the first 2-3 years) indicating pit 
walls / underground workings are the major 
contributor to load.

Prior to the FeCl3 dosing event (see 
Figure 1), the load of As and Sb increased 
rapidly and proportionally.  Results indicate 

that the As load stabilised at ≈460 kg after 
the Fe dosing events and rock and sediment 
addition (2018-2019). The antimony (Sb) 
load decreases from July 2019, which aligns 
with the start of the GPL pumped / siphon 
discharge starting in July 2019 (i.e., Sb load 
is being removed via discharge). The events 
that contributed to a decrease of 2,156 kg of 
arsenic within the GPL between June 2018 
and June 2019 are:
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• FeCl3 dosing event #1.
• GPL “Spillway rock mixing” event 

associated with pushing a significant 
amount of rock and sediments into the 
pit lake (and possibly resuspending Fe 
precipitates).

• FeCl3 dosing event #2.
Figure 2 indicates that As and Sb 
concentrations had similar declining trends 
in concentration and were well correlated 
until the Fe dosing events occurred. This 
is also seen by similar increases in pit lake 
loads up to the start of the dosing events 
(Figure 1).  Following the dosing events, 
which had no effect on the Sb load (i.e., Sb 
behaves conservatively), the Sb concentration 
continued to decrease at the same rate. In 
contrast, As concentrations post-dosing have 
remained steady.  The results support the 
hypothesis that Sb can be used to forecast 
ongoing As contributions to the GPL.

Arsenic and antimony reservoir load model
The GPL reservoir load model includes As 
loads in the GPL based on empirical data 
from 2015 to 2019. From 2022 onwards, the 
input rate is extrapolated from the empirical 
trend observed in Figure 1.

Results calibrated to the As load model 
(Figure 3 - green line) shows that the As 
in the HFO sludge/sediment increases in 
steps due to three events (Fe dosing #1, 
spillway rock mixing, Fe dosing #2), and later 

Figure 3 Arsenic and antimony inputs into GPL.
 

increases due to the modelled ‘As adsorption 
rate’.  This model for the ‘As adsorption rate’ is 
assumed to start at the 1st Fe dosing event.  It 
is reasonable to assume that As adsorption to 
pit wall sediment would have been occurring 
before this event, which has not been assessed 
as part of this study. If the As load is to remain 
constant, which is currently occurring, three 
factors must be balanced:
• As load entering the pit lake.
• As discharged from GPL via pumping/

siphon.
• As removed by co-precipitation/

adsorption with HFO sludge/sediment – 
derived from the Sb trend line pre dosing.

The mass of As adsorbed/co-precipitated in 
the HFO sludge/sediment is estimated to be 
≈3,450 kg in March 2022, with an increasing 
trend (Figure 3).  This is higher than the 2,156 
kg estimated from the load model estimates 
based on the three events.  The As load in the 
GPL may be even greater if As sequestered 
within the pit sediments, adsorbed prior to 
the first dosing event are considered.

Modelled scenarios
Results are presented in Figure 4 and 
Figure 5 for As concentrations in Scenario 
1 (remobilisation of As) and Scenario 2 
(higher As input) respectively.  Within the 
model when As remobilisation starts, As load 
in sludge is estimated to be ≈ 3,570 kg. It is 
observed from the results that:
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Modelled scenarios
Results are presented in Figure 4 and 
Figure 5 for As concentrations in Scenario 
1 (remobilisation of As) and Scenario 2 
(higher As input) respectively.  Within the 
model when As remobilisation starts, As load 
in sludge is estimated to be ≈ 3,570 kg. It is 
observed from the results that:
• Forecast concentrations for Scenario 

1 reach a maximum of 0.45 mg/L in 
the ‘1 week’ case, and 0.4, 0.32 and 0.23 
mg/L for the 2-, 5-, and 10- year periods 
respectively. For Scenario 2 concentration 
peaks at 0.21 and 0.16 mg/L for the 5 and 
10 factor respectively.

• After the remobilisation period, the As 
concentration decreases, due to the loss of 
As by pit lake discharge with concentrations 
decreasing to <0.1 mg/L within 10 to 16 
years after remobilisation begins.

Figure 4 Resulting arsenic concentrations for scenario 1: As remobilisation.

Figure 5 Resulting arsenic concentrations for scenario 2: increasing inputs of As.

 

 

Adaptive Management
Adaptive management is a recognised 
management option in New Zealand under 
the Resource Management Act (RMA) (e.g., 
Leckie 2017).  Effective adaptive management 
is supported by understanding the nature and 
duration of possible events that could occur, 
monitoring these events, and then having 
options in place should there be variance 
from the expected condition.  This requires: 
• Understanding the risks.
• Monitoring (as early warning, i.e., 

performance monitoring).
• Variance planning.
• Trigger Action Response Plans (TARPS).
High level geochemical mechanisms that 
could contribute to elevated As concentrations 
in GPL have been presented in this study 
include:
• As input from Union Creek WRS.
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• As input from the GPL Pit Walls.
• As remobilisation from sludge associated 

with FeCl3 dosing and sediment 
adsorption.

The following performance monitoring 
is recommended to determine if these 
mechanisms that could contribute to high As 
in GPL are occurring:
• Continue to measure discharge rates and 

water quality within the Globe Pit Lake to 
ensure load models and forecasts can be 
continued to understand trends.

• Ensure that regular flow and quality 
measurements are taken for the Union 
Creek WRS to confirm longer term 
geochemical trends.

• Continue to monitor water quality at 
depth within the GPL to determine if 
reducing conditions are occurring near 
the pit bottom together with Oxidation-
Reduction Potential (ORP) measurements.

• As adsorption is pH-dependant, hence, 
pH monitoring should be continued.

• Undertake wall wash testing of the GPL 
wall rock to understand water quality 
over time to understand if the load is 
decreasing/increasing.

If performance monitoring demonstrates that 
additional management options are required, 
then these options should be investigated 
so that they can be implemented in a timely 
manner.  The implementation of such options 
should be managed by TARPs.  For the risks 
associated with elevated As concentrations 
within the GPL the following management 
options are potentially available / suitable and 
should be investigated further:
• Additional FeCl3 dosing (perhaps better 

for higher As concentrations compared to 
lower arsenic concentrations).

• Increase the sediment load reporting 
to the GPL and confirm this process 
removes As.

• Direct pit lake overflow to the Devils 
Creek vertical flow reactor (VFR) if 
concentrations are > 0.1 mg/L (Trumm et 
al., 2022)

• Introduce other Fe-rich streams to the 
GPL (e.g., Devils WRS underdrain).

• Placement of the VFR Fe-rich sludge 
within the GPL.

• Other options developed through the risk 
assessment exercise.

Conclusions
From this study the following conclusions 
can be drawn:
1. The GPL is potentially storing ≈3,450 kg of 

adsorbed As, and 450 kg of dissolved As.
2. One environmental risk identified is that 

the adsorbed As within the GPL could 
be remobilised. If that happens within 
a week period, the concentration peak 
could reach 0.45 mg/L.

3. If As input into the GPL increases by 5 
and 10 times, concentration could reach 
peaks of 0.21 and 0.16 mg/L respectively.

4. Both scenarios are unlike to occur, 
however, they are modelled to assess the 
adaptive management options that may 
be required after closure of the site.

5. Performance monitoring should be 
continued in order to anticipate any 
changes in the GPL.

6. If any changes in the GPL occur causing 
an increase in As concentrations in the 
GPL, then an adaptive management 
approach should be used to asses the best 
options to face the potential risks.
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Abstract
South Africa is a country that has a number of commodities, one being coal, which is 
one of the seventh-largest coal producers globally and has produced approximately 260.5 
million tons in 2017. Coal is the main source of energy in South Africa with most of 
the coal being mined in the Mpumalanga Province, mainly located in the Witbank and 
Highveld Coalfield. Much has been written about the structural, environmental and 
depositional environment of the Witbank coalfields, but limited information is available 
on the mineralogy, petrology and geochemistry of the rocks hosting the economically-
important coal beds. To augment this shortcoming, coal samples were collected and the 
associated non-coal strata from approximately 140 m core located in the Goedehoop 
Colliery of the Witbank Coalfield, for geochemical characterisation. Key to this is the 
identification of minerals occurring in coal to an extent of its genesis and the understanding 
of the distribution of minerals throughout different sedimentary units. Understanding the 
extent to which the geological units of the Witbank Coalfield contributes to the elevated 
metal concentrations in stream sediments downstream. Different analytical techniques 
have been used including proximate analysis, ultimate analysis, optical microscopy, X-ray 
diffraction and X-ray fluorescence spectrometry. The coals are sub-bituminous to high-
volatile bituminous in rank typically contains of vitrinite as the most dominant maceral 
group followed by the inertinite and liptinite group. The mineralogy of the coal seams 
are mainly kaolinite, quartz with minor proportions of pyrite and carbonates and anatase 
and mica as accessory minerals. The minerals found in the hanging and footwalls of the 
coal seams are mainly clay, quartz, K-feldspar, plagioclase with minor proportions of 
pyrite, carbonates, mica minerals and hematite with anatase as accessory minerals. Stream 
sediments was used to assess the downstream metal loadings. Stream sediments was used 
to assess the downstream metal loadings and reflect the mineralogical composition of the 
source rock. This means that the coal seams were formed in anaerobic conditions due to 
high groundwater table levels in the peat mire, with environmental conditions returning 
to a lower ground-water table and oxidising conditions as seen by the presence of fusinite 
and semi-fusinite. Enrichment of elements like As, Pb, U, Zn, Yb, Se, W and Co in the 
stream sediments suggests some loss of mobile components from the source rocks during 
weathering and in metal transportation process. The enrichment can be attributed to the 
anthropogenic factor downstream of the source rock.

Introduction 
South Africa is a country that has a number 
of commodities, one being coal which is 
one of the seventh-largest coal producers 
globally and has produced approximately 

260.5 million tons in 2017. The five largest 
coal mining companies that supply over 80% 
include South32’s South Africa Energy Coal, 
Anglo American Thermal Coal, Glencore 
Xstrata, Sasol Mining and Exxaro. Coal is 
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the main source of energy in South Africa 
with most of the coal being mined in the 
Mpumalanga Province. Much has been 
written about the structural, environmental 
and depositional environment of the 
Witbank coalfields, but limited information 
is available on the mineralogy, petrology 
and geochemistry of the rocks hosting 
the economically-important coal beds. To 
augment this shortcoming, coal samples were 
collected from four coal seams and associated 
non-coal strata from the Goedehoop Colliery 
in the Witbank coalfields for characterisation. 

The current study was motivated by 
elevated metal concentrations in stream 
sediments of the Witbank coalfields as a 
result of metal accumulation caused by acid 
mine drainage processes. This study of the 
geochemical characteristics of coals and 
associated geological strata from the Witbank 
Coalfields was undertaken to establish a 
relationship between mineralogy, major and 
trace element content and petrology of the 
coal beds. Understanding of mineralogy, 
petrology and geochemistry of coal seams in 
the Goedehoop area will allow an extension 
to the genetic processes forming the coalfields 
of the broader Witbank area. The downstream 
assessment is done by assessing and comparing 
the geochemistry of the stream sediments 
collected to represent the basin and the 
geochemistry of the Witbank Coalfield rock 
units. As indicated by Thomas (2012), coal is 
sediment, bio-clastic in nature, and comprises 
of carbon, mineral matter and macerals, which 
is an ignitable material. McCarthy (2005) 
characterises coal as a sedimentary rock which 
comprises mainly of carbon, formed by the 
accumulation of a mixture of organic and 
inorganic matter. Coal comprises of a mixture 
of organic matter (macerals), inorganic matter 
(minerals) and liquids. The organic matter is 
composed of carbon, hydrogen and oxygen, 
together with smaller measures of nitrogen 
and sulphur (Weeber, 1996). 

As indicated by Weeber (1996), the 
Witbank Coalfield is located in the northern 
part of the well-known Karoo Basin where 
the major coal deposits in South Africa are 
found. The Witbank Coalfield is situated 
on the northern fringe of the south-eastern 
portion of the Transvaal Coalfield (Graham, 

1931) (and in the southern part of the Olifants 
Catchment), and is one of the major coal 
mining areas in South Africa. Two borehole 
cores were obtained at Goedehoop colliery in 
the Goedehoop area which is situated in the 
north-east of Witbank (Fig. 1). 

Geological setting
The tectonic setting of the Karoo Basin has 
been discussed by Cairncross (2001) and 
Hobday (1987). The Permian to early Triassic 
coals were deposited on Gondwana, in the back 
arc of the Gondwana orogenic belt, during 
a period of warming (Banks et al., 2011). A 
period of glacial sedimentation during the 
Permo-carboniferous glaciation marks the 
commencement of numerous phases giving 
rise to the formation of the Karoo Supergroup 
in which the majority of the coal deposits of 
southern Africa were deposited (Thomas et 
al., 1993). The Karoo Supergroup is a thick 
succession of sedimentary rocks deposited 
approximately 300 to 180 million years ago 
(Banks et al., 2011). The Karoo Supergroup 
is subdivided into the Dwyka, Ecca, Beaufort, 
Stormberg and Drakensberg Groups, of which 
the Vryheid Formation of the Ecca Group 
is coal-bearing horizon (Table 1 and Fig. 2) 
(Banks et al., 2011). According to Vermeulen 
and Usher (2006), the Dwyka Group consists 
of tillite, siltstone and sometimes a thin shale 
development. The sediments of the Ecca 
Group were deposited on an undulating Karoo 
floor, which influenced the distribution and 
thickness of the sedimentary formations as 
well as the associated coal seams (Pinetown, 
2006). The strata of the Karoo Basin consist 
fundamentally of sandstone, carbonaceous 
shale, siltstone, minor conglomerate and 
several coal seams (Cairncross, 2001). The 
extensive variety of sedimentary environ-
ments and structural setting within which 
the coal seams were deposited combined with 
the range of ages, climates and plants give 
rise to the numerous differences in terms of 
organic and inorganic matter and the degree 
of maturity of the coal seams (Falcon, 1986). 
The Witbank Coalfield lies towards the 
northern extent of the Karoo Basin where the 
sediment thins and the Dwyka Group reposes 
on the Transvaal Supergroup, the Waterberg 
Group and volcanic rocks associated with the 
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Bushveld Complex (Banks et al., 2011). The 
strata comprise of surface soils, carbonaceous 
cross-bedded and interlaminated sandstone 
or siltstone, sandstones, shale, coal seams, and 
intrusions of dolerite dykes or sills (Graham, 
1931; Smith & Whittaker, 1986). Figure 2 

shows Coal Seam No. 1 to 5 en countered in the 
Witbank Coalfield. Seam No. 1 is the lowest 
and either lays on the tillite or is separated 
from it by shale and sandstone bands of 
the Dwyka Group (Graham, 1931; Smith & 
Whittaker, 1986). 

Figure 1 Simplified geological map of the upper Olifants sub-catchment and the location of the borehole

Supergroup Age (Ma) Group Formation

Karoo

140 Jurassic and Upper 
Triassic Drakensberg

Draknesberg

195 Clarens

225 Triassic Elliot

230
Upper Permian and 

lower Triassic
Beaufort

Burgersdop 

Katberg 

Balfour

Koonap & Middleton

260 Middle Permian

Upper Ecca Volksrust

Middle Ecca Vryheid

Lower Ecca Pietmaritzburg

300 Late Carboniferous Dwyka  

Table 1 Lithostratigraphic units for Karoo Supergroup (SACS, 1980 and Catuneanu et al., 2005)
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Methodology
As shown in Figure 2, the cores of two 
complete drilled boreholes were provided 
by Goedehoop colliery in the Goedehoop 
area which is situated in the north-east of 
Witbank town. Geographically, it is situated 
at approximately 29˚80’ 77, 4” S and 025˚ 
90’ 24, 5” E, at about 1664.88 m above sea 
level and 29˚84’ 34, 2” S and 025˚ 64’ 99, 
4” E, at about 1733.37 m above sea level. 
Four coal and 54 non-coal bed samples 
were collected from ZFN 1512, while for 
ZFN 1510 borehole, four coal and 61 non-
coal bed samples were obtained to provide 
a mineralogical and geochemical profile. 

Large chips were selected at random from 
each coal seam and non-coal units for sample 
preparation of polished sections and/or thin-
sections. Polished stubs and the remainder of 
each sample were crushed into smaller chips 
using a rock crusher. Samples were crushed 
using a 3 x 5 mm jaw crusher which reduces 
the size of the rock, ores and other brittle 
samples from >8 cm to ±4 mm. The particle 
size of samples from crushing and splitting 
needs to be reduced to <75 µm and this is 
accomplished by means of a swing mill. The 
milling pots used are made of carbon steel 
to ensure minimal contamination. 75 ml 
of sample were milled for 6 minutes in the 
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Figure	2	Core	logs	of	the	Witbank	CoalNield	in	the	Goedehoop	area	
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swing mill. The samples were analysed for 
major and traces by XRF, mineralogy by 
X-ray diffraction (XRD) and petrology based 
on different crystallographies. The four coal 
seam were also analysed for proximate and 
ultimate analysis. The 240 stream sediment 
were analysed by XRF for the major and 
traces elements.

Results
The downstream assessment is done by 
assessing and comparing the geochemistry 
of the stream sediments collected to repre-
sent the basin and the geochemistry of the 
Witbank Coalfield rock units. It is important 
to note that the geochemistry of stream 
sediments generally reflects the mineralo-
gical composition of the source rock in the 
drainage, upstream of the sampling sites 
(Rose et al., 1979). Table 2 indicates the 
geochemical variation between the bedrock 
and stream sediments data and briefly 
summarised herein.

It is evident that the downstream sediments 
are rich in the following major oxides: the 
SiO2 with a maximum concentration of 
98.10%; TiO2 (maximum 6.50 wt.%); MgO 
(maximum 17.00 wt.%); Fe2O3 (maximum 
33.60 wt.%); MnO (maximum 0.60 wt.%); 
Cr2O3 (maximum 11.50 wt.%); low contents 
of Al2O3 (maximum 24.00 wt.%); Na2O 
(maximum 2.70 wt.%); K2O (maximum 4.20 
wt.%); CaO (maximum 12.70 wt.%); and P2O5 
(maximum 1.40 wt.%). The study reveals 
that the elemental distribution in stream 
sediments is mainly guided by the bedrock 
geology and geochemistry. The bedrock of 
the area is reflected remarkably well in the 
elevated values of SiO2, TiO2, Fe2O3, MnO, 
MgO and Cr2O3 with a decrease in CaO. The 
reason for the increase of SiO2 in the stream 
sediments is that much of SiO2 is present 
as quartz grains which is the most resistant 
mineral, most stable and has low solubility. 
The enrichment of TiO2 from the bedrock into 
the sediment is determined by the abundance 
of detrital oxides and silicates, such as 
chlorite and clay minerals. The enrichment of 
Fe2O3 in the stream sediments is due to the 
presence of pyrite, siderite and hematite. This 
means that the minerals containing this oxide 
have undergone weathering processes which 

largely are dependent on pH-Eh. The main 
reason for the increase of MnO in the stream 
sediments could be due to its association to 
carbonates and clay minerals. With regards 
to the elevated values of Cr2O3 is associated 
with the ferrochrome processing plant not 
the bedrock.

There is decrease in concentrations of 
Al2O3, CaO, Na2O, K2O and P2O5 in the stream 
sediments which suggest dissolution of some 
minerals from the sediments. The depletion 
of these elements and the enrichment of 
SiO2 may be due to the sedimentary sorting 
and loss of small grain-sized clays. CaO K2O 
and Na2O concentration are controlled by 
feldspars and their depletion is associated 
with physical weathering and dissolution 
which resulted into finer grain size of clastic 
particles. It also suggests the alteration of 
plagioclase due to chemical weathering into 
clay minerals. Low concentrations of CaO 
also indicate depletion in carbonate minerals 
in the stream.

The stream sediments have high trace 
element concentrations compared to the 
bedrocks of the Witbank Coalfield (Table 2). 
The trace elements enriched in the stream 
sediments are As, Ba, Bi, Br, Ce, Co, Cs, Hf, 
La, Mo, Nb, Nd, Ni, Pb, Rb, Se, Sm, Sr, Ta, Tl, 
Y, Yb, U, V, W, Zn and Zr with the depleted 
elements being Cu, Ga, Ge, Sc and Th. The 
sediments have high contents of arsenic 
(maximum 680 mg/kg), cobalt (maxi-
mum1273 mg/kg), molybdenum (maxi-
mum 16 mg/kg), nickel (maximum 197 mg/
kg), lead (maximum 98 mg/kg), uranium 
(maximum 1898 mg/kg) and zinc (maximum 
724 mg/kg), low contents of copper 
(maximum 89 mg/kg), gallium (maximum 
34 mg/kg), germanium (maximum 12 mg/
kg), scandium (maximum 31 mg/kg), and 
thorium (maximum 42 mg/kg). 

Conclusions and Recommendations
The main reason for high concentrations of 
arsenic and other elements associated with 
in the stream sediments can be due to the 
present of sulphides and organic matter. The 
positive correlation of the As element with S 
and C confirms that As is mostly concentrated 
in the pyrite and organic matter. There is a 
possibility of anthropogenic source, especially 
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Elements Bedrock Stream Sediments

  Min Max Stdev Mean Median Min Max Stdev Mean Median

SiO2 6,29 96,63 19,12 61,96 65,74 15,40 98,10 14,60 75,60 77,70

TiO2 0,08 1,92 0,40 0,66 0,69 0,10 6,50 0,50 0,50 0,50

Al2O3 1,56 31,65 6,09 13,30 13,55 0,80 24,00 3,90 7,20 6,60

Fe2O3 0,62 15,77 3,00 4,02 3,40 0,60 33,60 4,70 5,70 4,70

MnO 0,00 0,22 0,05 0,05 0,03 0,00 0,60 0,10 0,10 0,10

MgO 0,01 8,61 1,58 1,04 0,74 0,00 17,00 1,40 0,60 0,20

CaO 0,02 27,95 5,20 2,53 0,55 0,00 12,70 1,90 1,10 0,30

Na2O 0,01 2,96 0,66 0,79 0,63 0,00 2,70 0,40 0,30 0,10

K2O 0,05 4,34 1,13 2,50 2,76 0,10 4,20 0,60 1,10 0,10

P2O5 0,01 1,69 0,26 0,13 0,07 0,00 1,40 0,10 0,10 0,10

Cr2O3 0,00 0,05 0,01 0,01 0,01 0,00 11,50 0,70 0,10 0,00

As 4,00 36,00 5,58 7,41 5,30 4,00 680,00 99,40 34,40 4,00

Ba 62,00 931,00 213,47 574,17 606,00 3,00 1128,00 208,50 363,10 378,00

Bi 3,00 5,20 0,38 3,12 3,00 2,00 36,00 3,30 3,60 3,00

Br 2,00 2,00 0,00 2,00 2,00 2,00 670,00 57,60 16,20 2,10

Ce 10,00 214,00 50,69 64,89 49,00 4,50 335,00 50,20 70,10 59,00

Co 1,00 39,00 7,23 9,87 8,40 1,60 1273,00 119,80 49,50 20,00

Cs 5,00 16,00 3,07 7,06 5,00 4,60 93,00 9,60 7,50 5,00

Cu 2,00 256,00 33,01 17,63 9,20 1,60 89,00 16,70 22,90 17,00

Ga 1,80 45,00 8,66 18,74 19,00 1,00 34,00 6,00 9,00 8,50

Ge 1,00 33,00 3,97 1,60 1,00 1,00 12,00 2,30 1,80 1,00

Hf 3,00 32,00 5,98 9,05 8,00 3,00 223,00 19,40 12,30 8,30

La 10,00 87,00 23,53 32,95 24,00 2,00 105,00 16,80 23,90 21,00

Mo 2,00 6,30 0,65 2,19 2,00 2,00 16,00 2,40 2,80 2,00

Nb 5,10 40,00 7,43 16,81 17,00 1,90 358,00 30,30 14,20 9,10

Nd 10,00 78,00 20,33 30,83 23,00 6,40 379,00 31,00 28,30 22,50

Ni 2,00 65,00 17,06 21,92 18,00 4,50 197,00 22,80 30,60 24,00

Pb 2,40 38,00 8,11 21,62 24,00 2,90 98,00 16,60 23,90 19,00

Rb 2,00 154,00 41,20 94,04 106,00 3,00 181,00 31,40 47,30 43,00

Sc 3,00 64,00 10,48 13,25 12,00 1,00 31,00 6,10 8,90 8,30

Se 1,00 4,40 0,46 1,13 1,00 1,00 72,00 6,60 2,70 1,00

Sm 10,00 16,00 1,37 10,51 10,00 7,40 194,00 20,10 14,90 10,00

Sr 8,50 302,00 63,24 127,67 123,00 2,00 458,00 56,70 54,20 44,00

Ta 2,00 3,80 0,32 2,11 2,00 2,00 19,00 2,10 2,70 2,00

Th 3,00 47,00 8,91 10,58 8,40 3,00 42,00 4,60 6,90 5,70

Tl 3,00 3,00 0,00 3,00 3,00 2,00 37,00 2,30 3,20 3,00

U 2,00 11,00 2,16 3,59 2,50 2,00 1898,00 177,60 39,70 2,40

V 6,40 489,00 64,69 72,12 63,00 3,00 1028,00 107,90 94,00 76,00

W 3,00 3,00 0,00 3,00 3,00 3,00 352,00 29,70 11,30 3,00

Y 3,10 61,00 14,77 25,64 25,00 2,90 211,00 17,80 17,40 15,00

Yb 3,00 7,10 1,02 3,63 3,00 3,00 4131,00 318,10 50,30 3,00

Zn 3,00 133,00 39,96 62,18 58,00 3,00 724,00 131,90 108,20 49,50

Zr 45,00 838,00 149,19 234,68 193,00 58,00 893,00 113,30 275,00 276,00

Table 2 Univariate statistics (min, max mean, standard deviation and median) of major (wt.%) and trace 
(mg/kg) elements in the bedrock and stream sediments



IMWA 2022 – "Reconnect"

335Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

the Bushveld Complex materials which are 
rich in sulphides minerals. Enrichment of 
elements in the stream sediments suggests 
some loss of mobile components from the 
source rocks during weathering and in metal 
transportation process. The enrichment of 
these elements in the sediments could also 
be caused by the weathering of the bedrocks. 
The elements correlate positively with Al2O3, 
which is an indication of clay minerals and Ti-
bearing minerals association. The enrichment 
can be attributed to the anthropogenic factor 
downstream of the source rock.
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Abstract
Hydraulic conductivity is often used as a measure to evaluate the effectiveness of a 
sealing layer material on top of mine waste. However, the most important soil parameter 
minimizing the oxygen diffusion to the mine waste is the water retention capacity 
(WRC) of the sealing layer, as a high saturation corresponds to a low oxygen diffusion 
rate. This study shows that an amendment of Green Liquor Dregs (GLD), an industrial 
residue, to a till increases its WRC and has therefore potential to be a more accurate 
method to evaluate the effectiveness of a sealing layer than hydraulic conductivity.
Keywords: Green Liquor Dregs, Sealing Layer, Water Retention Capacity, Industrial 
Residue, Recycling, Circular Economy

Introduction 
Massive amounts of mine wastes are 
generated all over the world. Sweden alone 
generated 104-million-ton mine waste in 
2018 (Avfall Sverige 2020). These wastes 
need to be managed in an environmentally-, 
technically- and economically sustainable 
way. About 70% of the mine waste in Sweden 
contain sulfide minerals (SGU and Swedish 
EPA 2017) which if left in contact with 
oxygen and humidity the sulfides oxidize 
and may produce acid rock drainage (ARD; 
Saria et al. 2006). One way to limit ARD 
production is to prevent oxygen and moisture 
to enter the waste (Collin and Rasmuson 
1990; Bussière et al. 2003; Dagenais et al. 
2006). This can be done by applying a dry 
cover. In Sweden this cover usually consists 
of a sealing layer of a fine-grained material 
compacted to a high density and a protection 
layer on top. The availability of a clayey till 
to construct a sealing layer nearby a mine 
is often limited and the till can either be 
improved or replaced to construct a sealing 
layer. Bentonite amendments to till is one 
solution to improve the sealing layer-qualities 
of the local till. However, bentonite is costly 
both economically and environmentally 
due to time- and resource consuming 

production. The use of an industrial residue 
as an amendment to a local till is therefore 
highly motivating. The European Union 
produces 2.5 billion tons of waste each year 
(Avfall Sverige 2020) and Sweden produced 
139 million tons wastes year 2018, excluding 
mine waste, of which about 2.9 million tons 
is classified as a non-hazardous waste. Using 
an industrial residue in a mine remediation 
program would serve as a large benefit for the 
environment, for the industry providing the 
residue, and the mining industry.

In this study Green Liquor Dregs (GLD), 
a fine-grained residue from pulp pro-
duction was used as an amendment to a 
local till. Previous studies on mixing GLD 
with till have shown promising results for 
the mixtures to be used as a sealing layer, 
with low hydraulic conductivity, high water 
retention capacity (WRC), low oxygen 
diffusion and increased compaction degree 
(Hargelius 2008; Mäkitalo et al. 2015a and b; 
Virolainen et al 2020). Hydraulic conductivity 
is often used as a measure to evaluate the 
effectiveness of a sealing layer material. 
However, the most important parameter 
minimizing the oxygen diffusion to the mine 
waste is the water retention capacity of the 
material as a high saturation corresponds 
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to a low oxygen diffusion rate. In general, 
the oxygen flux rates become negigble when 
the degree of saturation is greater than 
85-90%, this since the air phase pathways 
becomes discontinuous (Corey 1957) and 
the oxygen is then transported through the 
water phase (Aubertin and Mbonimpa 2001; 
Aachib et al. 2004). One way to estimate 
the water retention capacity is to use a soil-
water characteristic curve (SWCC), which 
describes the water content (w) or the degree 
of saturation (Sr) retained in the soil as a 
function of the matric suction (ψ; Sillers et al. 
2001). The matric suction required to begin 
draining a fully saturated soil is called the air-
entry suction (ψa). The residual water content 
(θr) is defined as the amount of water in the 
soil that cannot be removed even at great 
suction heads, due to adhesive forces between 
the water molecules and the soil particles, 
or to entrapment in disconnected pores. 
Factors controlling the shape of the curve 
are mainly the type of the soil (Fredlund and 
Rahardjo 1993; Tinjum et al 1997; Sillers et 
al. 2001), but also the molding water content 
is an important factor (Vanapalli et al. 1996; 
Tinjum et al. 1997; Vanapalli et al. 1999). 

In this study 5 to 20 wt.% of GLD from 
Smurfit Kappa paper mill, Sweden was mixed 
with three tills with different particle size 
distributions. A maximum 20% of addition 
of GLD was set as a limit in this study, as 
a mixture with more GLD was shown by 
Mäkitalo et al (2015b) to be difficult to 
compact and handle, due to increased water 
content above the optimum molding water 
content and due to decreased shear strength. 
The addition of GLD to tills was expected to 
increase the WRC of the tills the more GLD 
was added. The objectives of the study was to 
find out (i) if GLD can improve the WRC of 

till with the purpose of using the mixture in 
a sealing layer on top of mine waste, and (ii) 
if WRC can be used as a measure to evaluate 
the effectiveness of that sealing layer.

Methods and materials
Three different tills were used in this study, a 
sandy till (SaT) and two silty tills with different 
clay contents (SiT1 and SiT2; Table 1). The 
silty till with a lower clay content is named 
SiT1 and the silty till with higher clay content 
SiT2. SiT1 was collected at a till quarry at 
the Brännkläppen facility in Boden, Sweden, 
SiT2 from another till quarry outside Boden, 
Sweden and the sandy till from Sunderbyn 
outside Luleå, Sweden. The GLD used in 
the study derived from Smurfit Kappa paper 
mill in Piteå, Sweden and was collected in 
sealed plastic containers to preserve the water 
content of the material (TSC 43%; Table 1). 

The tills were air dried and sieved through 
a 20-mm sieve and particles above 20 mm 
were removed, which is praxis in a material 
that is to be used in a sealing layer. Particles 
above 20 mm will affect negatively on the 
effectiveness of materials used as a sealing 
layer. The sieved tills were then mixed with 
5, 10, 15 and 20 wt.% of GLD. The weight 
percentage was calculated towards a dry till 
and a naturally moist GLD. The GLD was kept 
naturally moist (TSC 43%; Table 1) as it has 
been shown by previous unpublished studies 
to be difficult to rewet without affecting its 
physical properties. The mixing was carried 
out by hand with a small shovel until the 
mixture was estimated as homogenized. 

To obtain particle size distribution (PSD) 
the tills were washed and dry sieved according 
to SS-EN 933-1:2012. A mechanical sieve 
tower (Retsch AS 200) with an amplitude of 
2.2 mm/”g” and cut-off sizes 12.5, 10, 8, 5, 4, 

Material TSC 
(%)

Particle density 
(g/cm3)

Sand 
(<2 000 μm)

Fines 
(<63 µm)

Clays 
(<2 µm)

SaT 91.7±0.4 (N=9) 2.68 73% 14±1% (N=3) 0.7% (N=1)

SiT1 91.5±0.4 (N=9) 2.71 49% 34±5% (N=9) 2.6% (N=1)

SiT2 91.1±0.8 (N=6) 2.70 54% 35±1% (N=2) 4.3% (N=1)

GLD 43±4 (N=12) 2.63 24±29% (N=3) 76±29% (N=3) 5.4±4.1% (N=3)

Table 1 The total solid content (TSC), particle density, sand-, fines- and clay contents in the mixtures.  
N= number of analyzed samples.
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2, 1, 0.5, 0.25, 0.125 and 0.063 mm was used. 
PSD for the fines (<0.063 mm) were done by 
laser diffraction analysis on triplicate samples 
of each material by a CILAS Granulometer 
1064 (CILAS, Orléans, France). The PSD was 
then calculated using the CILAS software 
(Figure 1; Table 1). The total solid content 
(TSC) was performed according to the SIS 
standard SS-EN 14346:2007 and the particle 
density of the materials was determined using 
an AccuPyc II 1340 Pycnometer. 

Water retention capacity was measured 
with a pressure plate test using a 1500F1 
Pressure Plate Extractor. The air-dried till used 
in the mixtures to be tested was wetted to reach 
a TSC of approximately 91%. Specimens were 
compacted by hand with a metallic compactor 
(2 kg) and with 25 blows in five layers of height 
with the goal to reach an even compaction 
between the samples and simulate standard 
proctor compaction. When compaction was 
done, the samples were levelled off with a 
knife and weighed. The samples were placed 
on saturated ceramic plates with 15 bar air 
entry value, which base was connected to the 
atmosphere. Gas pressure was applied in 12 
increasing steps, up to a pressure of 145 mH2O 
to the samples. One sample was taken out after 
48 h for each pressure step and characterized 
for its water content according to standard 
SS-EN 14346:2007. Water retention curves 
were described using van Genuchten model 
(Van Genuchten 1980).

Results and discussion
The hypothesis was that the addition of 
GLD would improve the WRC of those tills 
that alone would not reach the requirement 
of a sealing layer in Sweden (hydraulic 
conductivity <10-8 m/s). This due to the high 
initial WRC of the GLD (Mäkitalo et al. 
2014). The SWCC for the different till-GLD 
mixtures shows that WRC does improve 
with GLD addition (Figure 2; Table 2). At 
85% Sr the matric suction increased from 
3.2 to 6 mH2O with 15 wt.% GLD addition 
to the silty till 1 (Figure 2:A-D; Table 2), 3.3 
to 26 mH2O in the sandy till (SaT) mixtures 
(Figure 2:E-H; Table 2) and from 3.6 to 50 
mH2O in the silty till 2-mixtures (Figure 2:I-
L; Table 2). The more GLD that is added the 
higher WRC is achieved in the mixtures. To 
minimize oxygen diffusion to the mine waste 
the sealing layer should be kept at a saturation 
degree of at least 85% (Corey 1957, Aubertin 
and Mbonimpa 2001; Aachib et al. 2004; 
Virolainen et al. 2020) and with 15 wt.% GLD 
addition to the tills a high saturation is kept 
even at high suction (Figure 2).

This study indicates an increase in 
WRC the more GLD is added to the tills 
(i.e. increasing ψ85; Table 2). However, due 
to compaction difficulties as a result of a 
water content above the optimum molding 
water content, more than 20 wt.% is not 
recommended if the GLD is not dried before 
mixing it with till.

Figure 1 Particle size distribution curves (PSD) of the three different tills (SaT, SiT1 and SiT2) and the GLD.
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According to a study conducted by Jia et al. 
(2019), GLD could be dried without affecting 
its physical properties after rewetting, 
regarding hydraulic conductivity and WRC. 
However, this needs further investigations 
because it is difficult to achieve in field 
and should be done before transportation 
to the mine site. This is however worth 
consideration as the residue becomes more 
attractive to the mining industry both in 

view of transportation costs, due to the high 
water content of the GLD leading to a higher 
weight than when the material is dried, but 
also due to the increased effectiveness of the 
sealing layer with higher amounts of GLD in 
the mixtures. A previous study by Mäkitalo 
et al. (2016) has shown that GLD in its own 
lacks long term stability in slopes due to its 
low shear strength, indicating that the GLD 
amendment should not be too high. The 

Figure 2 WRC in the mixtures of GLD and sandy till (SaT; A-D), silty till 1 (SiT1; E-H), and silty till 2 (SiT2; 
I-L). On the x-axis is the matric suction ψ (mH2O) on the y-axis the water saturation. Each mixture has been 
run 1-3 times and each run is marked with a different geometric figure in the graph. The red line is from the 
van Genuchten equation, best fit, and the black line represent 85% water saturation. 0 m suction is in the 
graphs 0.1 m suction due to the logarithmic scale
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hysteretic effect is also a parameter that is 
worth taking in consideration, as it might 
impact the interpretation of the SWCC and 
the actual WRC of the mixtures studied. The 
hysteretic effect will cause greater matric 
suction for drying than for wetting for the 
same water content (Tinjum et al. 1997), 
and the ψ85 will thus be higher in field than 
the laboratory experiments indicates, i.e. 
the required 85% Sr will be held for greater 
suction giving a higher WRC.

Conclusion
An amendment of GLD to a till that alone 
would not meet the commonly used 
requirements for a sealing layer in Sweden, 
i.e., hydraulic conductivity <10-8 m/s, was 
shown to increase the WRC of the material 
and can keep a high saturation (>80%) even 
with high matric suction (up to 25 mH2O; 
SaT-20, Table 2). This suggest that GLD 
can beneficially be used in a sealing layer in 
mine site remediation. Even if the hydraulic 
conductivity does not reach the requirements 
for a sealing layer with GLD addition 
(results from a previous study by Nigéus 
et al. 2018), the water retention capacity 
increases the more GLD is added to the till. 
Usually hydraulic conductivity is used as a 
parameter to determine the quality of the 
sealing layer in Sweden, however this study 
shows that the water retention capacity is an 
important factor preventing oxygen diffusion 

to the mine waste by keeping the sealing layer 
saturated. It can therefore be said to have 
potential to be a more accurate method to 
evaluate the effectiveness of a sealing layer. 
In future studies it would be of interest 
to connect WRC with actual results from 
oxygen diffusion, to predict oxygen diffusion 
through a sealing layer and also to be able 
to retrieve a regulation value for WRC, i.e. 
ψ85, in a sealing layer material, as there is for 
hydraulic conductivity in Sweden. Recycling 
of GLD in mine remediation is a procedure 
to strive for as it is beneficial for not only the 
mining company, but also the pulp and paper 
industry as it minimizes the waste landfilled. 
The use of an industrial waste as a product 
is however challenging as there is a great 
variability in its chemical compounds and 
physical properties. GLD varies both between 
industries, but also between batches, within 
the same industry (Nigéus et al. 2018). This 
creates a challenge when the waste is to be 
used as a product, as it is difficult to predict 
its chemical and physical properties which in 
turn affects its effectiveness.
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Abstract
Contamination of various spheres of the receiving environments by manganese (Mn) 
emanating from mining activities has been an issue of prime environmental concern. 
Mn can result to notable aesthetic and health issues, and this notorious contaminant 
need to be removed prior contamination of ecological systems and for the benefit of the 
environment and living organisms. For this reason, Ca-Mg-(OH)2 nanocomposite was 
synthesized and duly assessed for the removal of Mn from contaminated river water. 
Optimum conditions were observed at 15 min of mixing, 0.5 g dosage and 200 rpm 
mixing speed. Mn removal was achieved at 92%, 72% and 83%, whereas turbidity was 
removed to 57%, 95% and 87% by MgO, CaO and Ca-Mg-(OH)2. The pH was also 
increased significantly. Mn containing aqueous solution was interacted with CaO, 
MgO, and Ca-Mg-(OH)2 nanocomposite. PHREEQC geochemical model was used to 
confirm the species and mineral phases of Mn. Ca-Mg-(OH)2 was found to be superior 
in removing Mn from contaminated river water.
Keywords: Contaminated River Water, Ca-Mg-(OH)2, CaO, MgO, PHREEQC 
Geochemical Model, Water Treatment

Introduction 
Rapid population growth proportionally 
resulted to rapid industrial development which 
in turn causes pollution to the environment 
as a whole (Lee et al. 2017). Mn being one 
of the elements exposed to the environment 
by industrial effluents occurs naturally and it 
is discovered in different geological spheres 
(Rudi et al. 2020). High concentrations of 
Mn can negatively affect living organisms on 
exposure, and thus, requires to be removed 
from drinking water prior consumption. 
Its removal in drinking water is mostly as a 
result of eco-toxicological effects that it poses 
to the environment. Based on toxicity assays, 
the maximum allowable limit for drinking 
water has been set at 400 µg/L as stipulated 
in World Health Organization (WHO 2004) 
and 300 µg/L as stated by the United States 
Environmental Protection Agency which also 
set 50 µg/L as an aesthetic limit for drinking 

water guideline (US EPA 2019). A wide 
array of technologies including precipitation, 
oxidation, adsorption, bio-phyto-remediation, 
ion exchange, and crystallization have been 
employed for Mn removal from aqueous 
environments (Nkele et al. 2022). However, 
owing to the drawbacks of other technologies, 
chemical precipitation is still the best 
technology for the removal of Mn from the 
aquasphere, specifically when Mn need to be 
recovered. Different precipitating agents have 
been used and they comprise hydrated lime, 
lime, limestone, magnesite, periclase, brucite, 
soda ash, caustic soda, and dolomite, amongst 
others (Masindi et al. 2022). However, the use 
of calcined dolomite has never been explored. 
This study was therefore conceptualised with 
the principal aim of evaluating the performance 
of mechanochemically synthesized Ca-Mg-
(OH)2 nanocomposite for the removal of Mn 
from aqueous environments. This will be the 
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first study in design and execution to assess 
the use of mechanochemically synthesized 
Ca-Mg-(OH)2 nanocomposite for Mn removal 
from aqueous solution. The reaction chemistry 
and fate of Mn will be determined using state-
of-the-art analytical techniques along with 
PH REdox EQuilibrium (in C language) 
(PHREEQC) geochemical modelling.

Materials and methods 
Samples for aqueous solution have been 
collected from Wilge River. Hydrated lime 
(Ca(OH)2) and periclase (MgO) were procured 
from Protea Chemicals Pty (Ltd), South 
Africa. The nanocomposite was prepared by 
mechanochemical synthesis, using vibratory 
ball milling and calcination, where Ca(OH)2 
and MgO (both powdered) were homogenised 
at 1:1wt% mass ratio for 30 minutes using 
the vibratory ball-mill at 1600 rpm. To fulfil 
the objectives of this research, one factor at 
a time (OFAAT) modality has been utilized, 
specifically, the effect of dosage (g), mixing 
speed (rpm), and contact time (min) were 
evaluated. Aqueous samples characterization 
was done by using multimeter (Hach 40d 
13994 pH401) and spectrophotometers (DR 
3900 Hach and TL2350 Hach) for Mn, pH, 
turbidity and electrical conductivity (EC) de-

ter mination. Characterization of solid sam ples 
was done using Fourier Transform Infra red 
Spectrometer (FTIR) (PerkinElmer’s Spec-
trum 100 FTIR instrument containing a 
PerkinElmer Precisely Universal Attenuated 
Total Reflectance (ATR) sampling accessory 
with a diamond crystal). Experiments were 
per formed in triplicate and results were re-
por ted as mean values. The PHREEQC geo-
chemical model was employed to com plement 
experimental results.

Result and discussion
Experimental results for the effects of contact 
time, dosage, and mixing speed on turbidity, 
Mn, pH, and EC are presented in this section.

Effect of contact time
An illustration of the outcomes for the effect 
of contact time is shown in Figure 1(a-b). 
An examination of six (6) different contact 
times, i.e., in minutes, (5, 10, 15, 20, 25 and 
30) was done and the results are summarised 
in Figure 1. 

Effective % removal for Mn was achieved 
by all precipitating agents with an increase 
in contact time (Figure 1a). The removal of 
Mn was variable for each agent. Specifically, 
MgO had higher % removal whereas CaO 

Figure 1 Variation in % removal of Mn (a), pH value (b), EC (c), and turbidity (d) as a function of contact 
time (Conditions: 0.5 g difference of each precipitant, 368 µg/L Mn2+, 15 min contact time, 250 rpm and 
10 min of settling time).
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had lower % removal efficacy. As with the 
work performed by Selina et al. (2006), the 
researchers have discovered that dolomite 
(32%) and magnesite (28%) showed the 
highest % removal for Mn as a function of 
contact time. Figure 1b shows an increase 
in pH after the addition of the agents in 
aqueous solution and it is almost constant 
as time increases. This could be attributed 
to quick reaction rates that swiftly reach the 
state of equilibrium. EC (mS/cm) was at its 
highest with CaO and at its lowest with MgO 
including their composite. This indicates 
dissolution during the interaction of the 
precipitating agent with aqueous solution 
(Figure 1c) and lastly, Figure 1d shows the 
decrease of turbidity (NTU) after the addition 
of precipitants. MgO shows a decrease from 
time 0 – 15 min, after 15 min, turbidity starts 
to increase while lime showed reduction at 5 
minutes upwards. Interestingly, CaO is more 
effective in removing turbidity as compared 
to MgO and its Ca-nanocomposite.

Effect of precipitant dosage
An illustration of the outcomes of the effect of 
feedstock dosage (g) is shown in Figure 2(a- b). 
An examination of six (6) different dosages 

(i.e. 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0) was done and 
the results are summarised in Figure 2.

The outcomes of the variations in Mn, pH 
value, EC (mS/cm), and turbidity (NTU) as a 
function of dosage are shown in Figure 1(a- c). 
As summarised, it was observed that MgO 
was more effective in decreasing Mn levels 
(Figure 1a). Ca-Mg-(OH)2 and CaO shows a 
slight change in % removal rate with changing 
dosages. The levels of pH increased drastically 
when 0.5 g of precipitants were added and 
then slowly increased with an increase in 
the dosage (Figure 2a). Charerntanyarak 
(1999) performed a study where Mn was 
removed using chemical coagulation as well 
as precipitation and it was discovered that 
the optimum pH obtained by lime treatment 
was greater than 10.5. In Figure 2c, CaO and 
Ca-Mg-(OH)2 increased EC to above SANS 
241 drinking water limit hence requiring a 
coupling technology unless if smaller dosage 
is used. In general, MgO demonstrated poor 
performance in turbidity reduction.

Effect of mixing speed
An illustration of the outcomes of the effect of 
mixing speed (rpm) is shown in Figure 3(a- b). 
An examination of six (6) different mixing 

Figure 2 Variation in % removal of Mn (a), pH value (b), EC (c) and turbidity (d) as a function of dosage 
(Conditions: 0.5 g difference of each precipitant, 368 µg/L Mn2+, 15 min contact time, 250 rpm and 10 min 
of settling time).
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speed (i.e., 500, 100, 150, 200, 250 and 300) 
was done and the results are summarised in 
Figure 3.

Mixing speed plays a big role in influencing 
the removal of contaminants. As observed in 
Figure 3a, Mn was effectively reduced with 
an increase in mixing speed. MgO had higher 
% removal for Mn whereas hydrated lime, 
expressed as CaO, had the lowest removal rate. 
pH was highly increased and precipitation 
has taken place in the achieved pH levels 
(Figure  3b). The acceptable limit for EC by 
SANS 241 is 1.7 mS/cm and looking at Figure  
3c, CaO increased EC above the acceptable 
limit whereas MgO barely increased the 
parameter. Figure 3c shows turbidity removal 

with increase in mixing speed and CaO 
achieved the best removal efficiency. 

Treatment of real river water at 
optimum conditions
The effect of optimized operational para-
meters on the removal of contaminants from 
aqueous solution was investigated and the 
outcomes are shown in Table 1.

Table 1 compares the SANS 241 limits with 
the water treated with different precipitating 
agents and the % removal. The removal of 
Mn was effective for every alkaline agents. 
MgO reduced Mn greater as compared to 
the other agents while CaO performed better 
in turbidity. Specifically, the % removal of 

Figure 3 Variation in % removal of Mn (a), pH value (b), EC (c) and turbidity (d) as a function of mixing 
speed (Conditions: 0.5 g difference of each precipitant, 368 µg/L Mn2+, 15 min contact time, 250 rpm and  
10 min of settling time).

Parameter SANS 241 Limit Raw water Alkalinity generating agents

MgO CaO Ca-Mg-(OH)2

Mn (µg/L) ≤400 1000 82 276 170

pH ≤9.7 7.68 10.17 11.87 11.35

Turbidity (NTU) ≤1.00 8.21 3.50 0.409 1.05

% Mn removal - 0 92 72 83

% Turbidity removal - 0 57 95 87

Table 1 The effect of optimized operational parameters on the removal of contaminants from aqueous 
solution (Optimum conditions: 15 min, 0.5 g, and 200 rpm for the precipitating agents).
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Mn achieved ≥72%, ≥92% and ≥83% for 
CaO, MgO and Ca-Mg-(OH)2, respectively, 
whilst the reduction in turbidity achieved 
≥95%, ≥57% and ≥87%, respectively. The pH 
exceeded the SANS 241 limit for CaO and 
its Mg-nanocomposite hence requiring the 
reduction in dosage.

Characterization of solid samples 
Functional groups
The FTIR spectra and functional groups 
for reacted and produced CaO-NPs, MgO-
NPs, and Mg-CaO nanocomposite (Ca-
Mg-(OH)2 nanocomposite) are illustrated in 
Figure 4(a- c). 

Figure 4(a-c) Illustration of FTIR and functional groups together with their wavenumbers for reacted and 
produced CaO-NPs, MgO-NPs as well as Mg-CaO nanocomposite (Ca-Mg-(OH)2 nanocomposite)
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The infrared spectrum of reacted and 
produced CaO-NPs, MgO-NPs, and Mg-
CaO nanocomposite (Ca-Mg-(OH)2 nano-
composite) are shown in Figure 4(a-c). As 
illustrated in Figure 4a, the peaks are observed 
at 850, 1450 and 3650 cm-1. In particular, 
the carbonate bond stretch was observed at 
850 cm-1 and a broad bend was observed at 
1450 cm-1 for both spectrums but the peaks 
were much higher in the produced sludge. 
For both spectrums, a strong absorbance 
peak was observed at 3650 cm-1. Galván-
Ruiz et al. (2009) corroborate these results. 
Figure 4b indicates different spectrums for 
reacted MgO-NPs and produced sludge. The 
produced sludge had a weak bend on 1450 
cm-1 wavenumber whereas the reacted MgO-
NPs had strong symmetric and asymmetric 
stretches at the same wavenumber. At 2950 
cm-1, water was present for both spectrums 
and at 3750 cm-1, there were weak peaks 
and OH groups present for both spectrums. 
Nga et al. (2020) supports the findings. In 
Figure  4c, for both spectrums, carbonate 
bonds are present at wavenumber 850 cm-1. 
A strong broad bend is seen on the produced 
sludge which had a shoulder and a weak bend 
is depicted by the Mg-CaO nanocomposite at 
wavenumber 1450 cm-1. Presence of water is 
denoted at 2950 and 3650 cm-1 wavenumbers. 
In general, the metals-functional groups 
denoted lack of change in the chemical 
properties of the product sludge. 

Geochemical modelling
The illustration of the feasibilities of Mn 
precipitation and its mineral phase is shown 
in Table 2.

In Table 2, the precipitation of various 
mineral phases have been predicted. The 
precipitation of this chemical in aqueous 
solution was predicted to be viable. This 
was not identified in FTIR since their 
concentration could be very low due to low 
concentration in feed water.

Conclusions and recommendations
This novel study successfully demonstrated 
the feasibility of mechanochemically synthe-
sizing Ca-Mg-(OH)2 nanocomposite and 
evaluate its use for the removal of Mn from 
aqueous solution. Optimum conditions 
were observed to be 15 min of mixing, 0.5 g 
of dosage, and 200 rpm of mixing speed. 
A notable increase in pH were observed 
for all the reagents. Furthermore, findings 
denote MgO to have the highest % removal 
for Mn whilst CaO had the highest capacity 
towards turbidity removal. Ca-Mg-(OH)2 
nanocomposite showed traits of both CaO 
and MgO which led to the conclusion 
that it was more effective in performance 
as compared to individual materials. As 
expected, the solids indicated the presence 
of water, hydroxyl and carbonate bonds, i.e., 
before and after the interaction. As such, the 
developed nanocomposite will go a long way 
in curtailing the impacts of Mn in drinking 
water and further afield.
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Mineral name SI Chemical name Mineral name SI Chemical name

Birnessite 7.18 MnO2 Hausmannite 19.70 Mn3O4

Bixbyite 15.35 Mn2O3 Manganite 7.54 MnOOH

Nsutite 8.22 MnO2 Pyrolusite 9.40 MnO2

Rhodochrosite 2.72 MnCO3 Rhodochrosite(d) 1.98 MnCO3

Dolomite 0.19 CaMg(CO3)2 Calcite 0.00 CaCO3

Table 2 Predicted phases of Mn post precipitation
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Abstract
To respond to the challenges posed by mine water discharging from mine voids, a 
recommendation to maintain a certain level called environmental critical levels (ECLs) 
was made. Currently, in the Western Rand Basin, the water level in the mine voids 
is above the recommended ECL. The focus of this study was to understand how the 
current water level in the basin is affecting surface and groundwater resources. Both 
surface and groundwater showed a dominance of Ca-Mg-SO4 and Ca-SO4 water type. 
Surface water shows high SO4

2-, low Fe and low pH, while groundwater shows high 
SO4

2- , high Fe and high pH.
Keywords: Environmental Critical Level, mine void, water level, water quality, surface 
and groundwater 

Introduction 
Mining has long been a cornerstone of  
South Africa’s economy, in particular, gold 
mining in the Witwatersrand has been a key 
sector since 1886 (McCarthy 2010). Mining 
made Johannesburg ‘the City of Gold’ and 
helped make Gauteng a wealthy province. 
A century of mining has had many positive 
economic impacts, however, mining has also 
had large negative environmental effects 
(McCarthy 2010). 

Underground mining in the Witwaters-
rand Basin led to the excavation of a series of 
large interconnected voids (Ramontja et al. 
2011). During mining operations, as part of 
water management, water was pumped out 
of these voids to allow mining operations to 
continue. However, when mining stopped in 
several mines, the remaining few had to carry 
the burden of the pumping operations. This 
became extremely costly for the remaining 
mines. Ultimately, the remaining mines also 
stopped operations and pumping, which led 
to the flooding of mine voids. In the West 
Rand Goldfield, pumping ceased in 1998 
(Ramontja et al. 2011). In 2002, acidic water 

began to discharge from the West Rand 
Goldfield’s underground working, negatively 
impacting the downstream environments 
(Coetzee 2016). The polluted water charac-
teristically showed low pH, high total 
dissolved solids (TDS), high SO4

2- and may 
contain high amounts of metals including 
uranium (Ramontja et al. 2011).

The main risks associated with flooding 
of mine voids with mine water as identified 
by a Team of Expects (Coetzee et al. 2010), 
are; contamination of shallow groundwater 
resources, geotechnical impacts, such as the 
flooding of underground infrastructure in 
areas where water rises close to urban areas 
and increased seismic activity. Furthermore, 
risks associated with the discharge of mine 
water to the environment may lead to serious 
negative ecological impacts, regional impacts 
on major river systems and localised flooding 
in low-lying areas. 

This study aims to understand the im-
pacts of the mine water on the groundwater 
and surface water resources. This is because 
the water has risen above the set ECL for  
the basin.
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Site setting
The study site is in the Western Basin of the 
Witwatersrand Goldfields, (Figure 1). 

Methodology 
Water samples were collected from surface 
water bodies, boreholes and shafts for water 
chemistry analyses. The samples were filtered 
through a 0.45 µm filter paper. Samples 
(100  ml) to be analysed for metals and 
metalloids were preserved by adding 3 drops 
of concentrated HNO₃, whilst an unpreserved 
sample was collected for the analysis of 
anions. These were analysed using inductively 
coupled plasma mass spectrometry (ICP-MS) 
and ion chromatography (IC) for metals/
metalloids and anions respectively.

Electrical conductivity (EC), pH, iron 
(Fe) and sulfate (SO4

2-) were chosen for 
observation purposes in this study. ArcGIS 
10.4.1 was used to create the concentration 
maps. AquaChem 3.70 was also used to 
process the data into water types.

Results and discussions
Water types 
Figure 2 shows the Piper diagram created 
using samples from boreholes, surface water 
and shafts in the study area. In the cation 
triangle, the samples show a dominance of 
Ca2+ and Mg2+ over Na+ and in the anion 
triangle most samples show a dominance 
of SO4

2-. The majority of the samples show 
Ca-Mg-SO4 and Ca-SO4 water types. These 
SO4

2- water types have been established to 
be mine water signatures in the study area, 
which is also evident in the samples from 
the mine void water. This water type most 
likely represents the mixing of dolomitic 
groundwater (Ca-Mg-HCO3) with acidic 
mine water, consuming alkalinity and 
replacing it with SO4

2- as the dominant anion. 
Most of the samples generally show elevated 
levels of SO4

2-, this is with the exception to 
boreholes A2N0576 and GP00308 which 
show a freshwater signature with low EC 

Figure 1 Study area



IMWA 2022 – "Reconnect"

355Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Figure 2 Piper diagram showing major ion chemistry for the sample in the study area

Figure 3 Spatial distribution of pH
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and low SO4
2-. This indicates that these 

boreholes sample a different aquifer to the 
other boreholes and that this aquifer is not 
connected to the mine void. 

Water Chemistry 
The variation in pH levels in the study area is 
shown in Figure 3. The pH for groundwater 
samples varies from 3.4 to 8.2, in surface 
water samples 3.2 to 4.8 and in shafts, it 
ranges from 6.4 to 6.6.

The groundwater in the study area is 
mostly circumneutral to alkaline, this is with 
the exception of two samples CPS Pit and 
MPG01 which showed pH of 3.4 and 4.8 
respectively. The water in the mine voids is 
circumneutral. Surface water samples show 
low pH levels, this is possibly due to surface 
reactions that occur due to the exposure of Fe 
to oxygen (Equation 1).

2Fe 2+ + O2 + 4H2O  →  2Fe(OH)3 + 2H +

Equation 1

The EC in the groundwater samples ranges 
from 74.5 to 1398 mS/m, in surface water it 
ranges from 1292 to 1439 mS/m and in the 
shafts it ranges from 1371 to 1391 mS/m. The 
spatial distribution of EC concentration in the 
study area is shown in Figure 4. The high EC 
levels in all the samples correlate with high 
SO4

2- as shown in Figure 4. This indicates that 
SO4

2- is the main anion contributor to high 
EC levels in the study area. 

Sulfate levels in groundwater range from 
10.71 to 2064.44 mg/L, in surface water it 
ranges from 1877.09 to 2169.38 mg/L and 
in the shafts it ranges from 1934 to 2184 
mg/L. The majority of the samples exceed 
the recommended limit of 500 mg/L as 
per 2015 South African national drinking 
standards (SANS) (Figure 5). High SO4

2- in 
the study area indicates that the surface and 
groundwater resources were impacted by the 
water from mine voids and leachates from 
mine waste in the area. 

Figure 4 Spatial distribution on Electrical conductivity
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Figure 5 Spatial distribution of Sulfate

Figure 6 Spatial distribution of Iron
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According to the SANS 2015 drinking 
water limits, the permitted amount of Fe is 
2 mg/L. Fe levels in groundwater range from 
0.23 to 42.02 mg/L, in surface water it ranges 
from 0.03 to 6.76 mg/L and in the shafts it 
ranges from 25 to 172 mg/L. The Highest Fe 
levels are found in the boreholes along the 
stream and mine void water (Figure 6). 

However, the boreholes located farther 
from the stream showed low Fe levels. This 
indicates that the leachates from the mine 
tailings flow into the streams and impacting 
the groundwater resources.

Conclusions 
The results show that both surface and 
groundwater interact with mine water due 
to the current mine void water level (higher 
than ECL). Surface water shows high 
SO4

2-, low Fe and low pH levels, while the 
groundwater shows high SO4

2-, high Fe and 
high pH. High EC in the samples is related 
to high SO4

2- concentrations, while the low Fe 
concentration in the surface water identifies 
it as water discharged from the treatment 
plant, where most of the iron, but not all of 
the dissolved sulfate is removed.

High SO4
2- concentrations were observed 

in the stream and shallow boreholes along 
the stream as compared to those farther away 
from the stream and deeper (> 100 m). The 
iron concentration in the water, both stream 
and shallow groundwater decrease from 

upstream to downstream. This could be due to 
mixing along the flow paths. The main water 
type signature in the study area is Ca-Mg-SO4 
and Ca-SO4, which are associated with the 
mine water. This is corroborated by high Fe 
levels is an indication of contamination from 
mine water or mine waste.
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Abstract
Mineral precipitation from ARD can be identified or indicated by (1) visual inspection 
(including remote sensing), (2) computations of mineral saturation indices (SIs), 
(3) ion ratios, or (4) mass flux (mass loading) computations. A visual precipitate 
represents the integration of water chemistry over time and computations of SIs for a 
water composition give quantitative tendencies for that water to dissolve or precipitate 
minerals. The advantages and disadvantages of these methods are demonstrated with 
carefully collected field data from (I) drainage from Iron Mountain Mines, California, 
and (II) natural ARD from the Red River Valley, New Mexico.
Keywords: Geochemical Modelling, Element Ratios, Saturation Indices

Introduction 
The loss of an aqueous solute from solution 
occurs through sorption and precipitation. 
Under controlled laboratory conditions, these 
processes are readily measured and quantified. 
For surface waters under natural conditions, 
these processes are not so readily quantified. 
The complexities and heterogeneities in 
natural systems make quantification of this 
process challenging. Four approaches for 
identifying and quantifying mass transfer of 
aqueous solutes to solid phases are described 
in this paper for contaminants found in acid 
mine drainage and demonstrated with data 
from three field sites. These approaches are 
visual observation, computation of saturation 
indices, solute ratios, and mass fluxes. 

Methods
Visual observation
Once dissolved iron in AMD is oxidized to 
ferric iron, the solution takes on a reddish 
colour if the pH is low enough to keep the 
iron in solution. Because of the very low 
solubility of ferric iron, precipitation rapidly 
occurs for pH values generally above 2.2. 
The precipitate begins as a dull yellow colour 
and turns orange, red orange, and red brown 

to dark brown with ageing. Consequently, 
AMD is readily identified by its visual mark 
on streambed sediments from iron-staining 
precipitates. 

Iron-stained bed sediment does not 
necessarily reflect the current chemical com-
positions of the water flowing over it. Once 
an insoluble hydrous ferric oxide precipitate 
has formed, it can take a long time to redis-
solve when the water composition changes. 
The precipitate is also the accumulation 
of many water volumes that have passed 
over it. It integrates the result of varying 
water chemistries over some period of time, 
providing a qualitative time signature of iden-
tification, but not necessarily today’s water 
chemistry unless it is actively precipitating in 
the stream. Ferricretes that have been dated 
can provide valuable information on the time 
period of formation.

Saturation indices
Saturation indices (SIs) are one of the geo-
chemical tools to characterize the tendency 
of a water to dissolve or precipitate a mineral 
given a fairly complete water analysis. For 
an AMD sample, it means determining the 
dissolved major ions, including Fe(II) and 
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Fe(III) and using a geochemical code, such as 
PHREEQC (used in this study) to calculate the 
speciation according to the standard equation

where IAP = ion activity product and Ksp = 
solubility product constant for a specified 
mineral. When the SI = 0, it indicates the 
mineral is at solubility equilibrium, if SI > 0 
it would indicate supersaturation and pos-
sibly precipitating, and if SI < 0 it would 
indicate undersaturation and the mineral is 
dissolving if present. Saturation indices are 
very useful parameters, especially when used 
in conjunction with mass balances or mass 
transfer for reactive transport calculations. 
Their limitations are that they depend on 
reliable thermodynamic data and they do 
not tell us the kinetics of the precipitation/
dissolution processes.

Ion ratios
If a “conservative” ion can be identified in 
a surface water or groundwater, other ions 
can be compared to it by using ratios to 
see if they indicate mineral precipitation 
or dissolution. The ratios may also change 
from mixing with tributaries that have very 
different ratios, however, if a contaminant 
source has high concentrations, ratios are 
not affected by dilution or other tributaries 
with different ratios. 

Mass fluxes
Mass fluxes refer to the solute load by 
multiplying the discharges by the solute 
concentrations. The units would be mass per 
unit time (or moles per unit time). If the mass 
flux is constant during downstream transport 
then there is no addition or subtraction of 
solutes from tributaries even though there 
may be changes in water flux. Mineral 
dissolution or contaminating tributaries 
will increase the mass flux and mineral 
precipitation will decrease it. There is an 
important caveat. Streams and rivers can gain 
or lose water from the subsurface. For losing 
streams, both mass flux and the discharge 
will decrease and to account for that a careful 
tracer injection study with stream gaging is 
needed. Quantification of mass fluxes are 
particularly useful for comparing different 
sources of contaminants in a catchment and 
predicting the improvement in water quality 
if selected waste sources are removed (Ball et 
al. 2004).

Results
Iron Mountain – visual
Figure 1 shows the typical red colour of 
dissolved ferric iron in Boulder Creek 
near Iron Mountain, California with pH of 
about 2.0 making a confluence with Spring 
Creek with a pH of about 2.4 after mixing. 
Figure 2 is an example of hydrous iron oxide 
precipitates on a boulder downstream in 

Figure 1 Acid mine drainage from Iron 
Mountain where Boulder Creek makes 
confluence with Spring Creek (air photo by 
D.K. Nordstrom, 1985). 

Figure 2 Boulder in Boulder Creek showing recent 
precipitates in yellow (schwertmannite) and aged 
precipitates in dark brown (goethite) (photo by D.K. 
Nordstrom, 1976).
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Spring Creek showing the recent precipitate 
in yellow (schwertmannite) and older brown 
precipitates (goethite) that have aged.

Iron Mountain – Saturation indices
Saturation indices for Fe(OH)3(am), which 
are very similar to those for freshly preci-
pitating hydrous ferric oxide (ferri hydrite 
or schwertmannite), have often shown 
supersaturation by orders of magnitude in 
AMD. (Nordstrom 2011) This effect results 
from colloidal particles passing through the 
filter unit when the colloid concentration 
is substantially higher than the dissolved 
concentration of ferric iron (Nordstrom 2011). 

For the downstream section from 
Boulder to Spring Creek (Fig. 1) and further 
downstream to Spring Creek Reservoir, a set 

of data was selected from (Nordstrom 1977) 
collected on the same day. Most saturation 
indices were strongly undersaturated with 
the exception of Fe(OH)3(am) which was 
approaching saturation (Fig. 3). The main 
reason for nearly ubiquitous undersaturation 
is the low pH (2-2.4). 

Iron Mountain – Ion ratios
For the same set of data in Fig. 3, ion ratios 
for Fe/SO4, Mg/SO4, Al/SO4, and Zn/
SO4 are plotted against decreasing sulfate 
concentration in Fig. 4, the direction of 
downstream flow. The source is Boulder Creek 
which has such a high sulfate concentration 
that it cannot be plotted on the same graph 
but the ratios for it are shown along the 
Y-axis. The ratios are all constant, reflecting 
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Fig. 1(a) Acid mine drainage from Iron Mountain where Boulder Creek makes confluence with Spring Creek 
(air photo by D.K. Nordstrom, 1985). 1(b) Boulder in Boulder Creek showing recent precipitates in yellow 
(schwertmannite) and aged precipitates in dark brown (goethite)(photo by D.K. Nordstrom, 1976). 

IIrroonn  MMoouunnttaaiinn  ——  SSaattuurraatitioonn  iinnddiicceess  

Saturation indices for Fe(OH)3(am), which are very similar to those for freshly precipitating hydrous ferric 
oxide (ferrihydrite or schwertmannite), have often shown supersaturation by orders of magnitude in 
AMD. (Nordstrom 2011)This effect results from colloidal particles passing through the filter unit when the 
colloid concentration is substantially higher than the dissolved concentration of ferric iron (Nordstrom 
2011).  

For the downstream section from Boulder to Spring Creek (Fig. 1) and further downstream to Spring Creek 
Reservoir, a set of data was selected from (Nordstrom 1977) collected on the same day. Most saturation 
indices were strongly undersaturated with the exception of Fe(OH)3(am) which was approaching 
saturation (Fig. 3). The main reason for nearly ubiquitous undersaturation is the low pH (2-2.4).  
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Fig. 3 Saturation indices for freshly precipitating hydrous ferric oxide, Fe(OH)3, and for basaluminite. 

IIrroonn  MMoouunnttaaiinn  ——  IIoonn  rraatitiooss  

For the same set of data in Fig. 3, ion ratios for Fe/SO4, Mg/SO4, Al/SO4, and Zn/SO4 are plotted against 
decreasing sulfate concentration in Fig. 4, the direction of downstream flow. The source is Boulder Creek 

(a) (b) 

Figure 3 Saturation indices for freshly precipitating hydrous ferric oxide, Fe(OH)3, and for basaluminite.
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which has such a high sulfate concentration that it cannot be plotted on the same graph but the ratios for 
it are shown along the Y-axis. The ratios are all constant, reflecting the source with two exceptions. One 
sample at about 1400 mg/L SO4 decreases slightly in the Fe/SO4 and the Zn/SO4 ratios and increases in the 
Mg/SO4 and Al/SO4 ratios. This anomaly is caused by a contaminated tributary with less dissolved iron and 
zinc and more dissolved magnesium and aluminium. The other exception is the last point at the lowest 
sulfate concentration. This sample has undergone nearly complete oxidation of dissolved iron and some 
of that iron has precipitated and some zinc and aluminium has been attenuated. 
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Fig. 4 Ion ratios of iron, aluminium, zinc, and magnesium to sulfate with downstream transport and 
dilution. 

IIrroonn  MMoouunnttaaiinn  ——  MMaassss  flfluuxxeess  

Water discharges from mine portals and major creeks at Iron Mountain were measured along with the 
water chemistry to determine the flux of hazardous metals from the catchment to the Sacramento River. 
Overall, some 270 tons of copper, zinc, and cadmium were discharged annually to the Sacramento River 
before remediation began. The largest single flux of metals was from the Richmond portal where some 
209 tons of zinc discharged annually, and pH values were typically 0 to 1.5. The next largest flux was from 
the Lawson portal, followed by weathering of waste piles in Slickrock Creek and Boulder Creek. Knowing 
these mass fluxes, the USEPA could prioritize the different sources for remediation. 

RReedd  RRiivveerr  VVaalllleeyy  ——  VViissuuaall  oobbsseerrvvaatitioonnss  

Naturally acidic groundwater seeps into the Red River in northern New Mexico and upon mixing and 
neutralization, hydrous aluminium oxides precipitate along the riverbanks (Fig. 5a). Total aluminium 
(unfiltered acidified sample) continually increases downstream, yet dissolved aluminium is maintained at 
a nearly constant value from solubility equilibrium with this hydrous aluminium oxide (Fig. 5b).  

Figure 4 Ion ratios of iron, aluminium, zinc, and magnesium to sulfate with downstream transport  
and dilution.
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the source with two exceptions. One sample 
at about 1400 mg/L SO4 decreases slightly 
in the Fe/SO4 and the Zn/SO4 ratios and 
increases in the Mg/SO4 and Al/SO4 ratios. 
This anomaly is caused by a contaminated 
tributary with less dissolved iron and zinc and 
more dissolved magnesium and aluminium. 
The other exception is the last point at the 
lowest sulfate concentration. This sample 
has undergone nearly complete oxidation 
of dissolved iron and some of that iron has 
precipitated and some zinc and aluminium 
has been attenuated.

Iron Mountain – Mass fluxes
Water discharges from mine portals and 
major creeks at Iron Mountain were 
measured along with the water chemistry 
to determine the flux of hazardous metals 
from the catchment to the Sacramento River. 
Overall, some 270 tons of copper, zinc, and 
cadmium were discharged annually to the 
Sacramento River before remediation began. 
The largest single flux of metals was from 
the Richmond portal where some 209 tons 
of zinc discharged annually, and pH values 
were typically 0 to 1.5. The next largest 

Figure 5(a) White hydrous aluminium oxides precipitating along the banks of the Red River from acid 
groundwater seeping into a circumneutral pH river (photo by D.K. Nordstrom). 
Figure 5(b) Total aluminium (red) and ultrafiltered dissolved aluminium (blue) over 20 km of the Red River 
(Nordstrom et al. 2008).

(a) (b)
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Fig. 5 (a) White hydrous aluminium oxides precipitating along the banks of the Red River from acid 
groundwater seeping into a circumneutral pH river (photo by D.K. Nordstrom); 5 (b) Total aluminium (red) 
and ultrafiltered dissolved aluminium (blue) over 20 km of the Red River (Nordstrom et al. 2008). 

RReedd  RRiivveerr  VVaalllleeyy  ——  SSaattuurraatitioonn  iinnddiicceess  

Saturation indices are shown (Fig. 6) for amorphous Al(OH)3  with the same set of data shown in Fig. 5b. 

 

Fig. 6 The pH is shown in open circles and squares (for two profiles done 1 year apart) and the amorphous 
Al(OH)3 saturation indices are shown as open diamonds and open triangles for the same Red River profile 
as in Fig. 5b (Ball et al., 2005). 

There are several points where natural acid groundwaters seep into the Red River, as shown by the dips 
in the pH data of Fig. 6, and the saturation indices are close to or at the equilibrium value. In this example 
the saturation indices match the visual observations and suggest aluminium precipitation. 

(b) (a) 

Figure 6 The pH is shown in open circles and squares (for two profiles done 1 year apart) and the amorphous 
Al(OH)3 saturation indices are shown as open diamonds and open triangles for the same Red River profile 
as in Fig. 5b (Ball et al., 2005).
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flux was from the Lawson portal, followed 
by weathering of waste piles in Slickrock 
Creek and Boulder Creek. Knowing these 
mass fluxes, the USEPA could prioritize the 
different sources for remediation.

Red River Valley – Visual observations
Naturally acidic groundwater seeps into 
the Red River in northern New Mexico and 
upon mixing and neutralization, hydrous 
aluminium oxides precipitate along the 
riverbanks (Fig. 5a). Total aluminium (un-
filtered acidified sample) continually in-
creases downstream, yet dissolved alumi-
nium is maintained at a nearly constant value 
from solubility equilibrium with this hydrous 
aluminium oxide (Fig. 5b). 

Red River Valley – Saturation indices
Saturation indices are shown (Fig. 6) for 
amorphous Al(OH)3

  with the same set of 
data shown in Fig. 5b.

There are several points where natural 
acid groundwaters seep into the Red River, 
as shown by the dips in the pH data of Fig. 
6, and the saturation indices are close to or 
at the equilibrium value. In this example 
the saturation indices match the visual 
observations and suggest aluminium preci-
pitation.

Red River Valley – Ion ratios
In contrast to the suggestion of aluminium 
precipitation by SI values, a stronger case is 

made by ion ratios. In Fig. 7 a plot of Al/SO4 
ratios are shown for acid groundwaters from 
the Straight Creek catchment and continuing 
downstream in the Red River.

From Figs. 7 (a) and 7 (b) it is clear that 
aluminium is conservative like sulfate until 
a pH of about 4 or higher is reached and 
then substantial amounts of aluminium are 
precipitated. Aluminium can be conservative 
or non-conservative which depends primarily 
on pH. Fig. 7 also shows the amount of 
aluminium precipitated in a given volume 
of water. To determine quantitatively the 
total amount of aluminium precipitated, the 
discharge of acid water into the Red River 
must be measured or estimated.

Conclusions 
Visual observation, saturation indices, 
element ratios, and mass fluxes, when 
combined, give a remarkably clear picture 
of the processes of iron and aluminium 
precipitation in both groundwater and surface 
water from the mixing and neutralization of 
ARD. Each approach has a role in quantifying 
contaminant transport and each must be 
understood to have certain limitations.
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In contrast to the suggestion of aluminium precipitation by SI values, a stronger case is made by ion ratios. 
In Fig. 7 a plot of Al/SO4 ratios are shown for acid groundwaters from the Straight Creek catchment and 
continuing downstream in the Red River. 
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Fig. 7 (a) Plot of aluminium concentrations with decreasing downgradient sulfate for the Straight Creek 
drainage, groundwater, and the receiving water of the Red River. (b) Plot of Al/SO4 ratios against 
downgradient sulfate for the same data points as in (a). 

From Figs. 7 (a) and 7 (b) it is clear that aluminium is conservative like sulfate until a pH of about 4 or 
higher is reached and then substantial amounts of aluminium are precipitated. Aluminium can be 
conservative or non-conservative which depends primarily on pH. Fig. 7 also shows the amount of 
aluminium precipitated in a given volume of water. To determine quantitatively the total amount of 
aluminium precipitated, the discharge of acid water into the Red River must be measured or estimated. 

CCoonncclluussiioonnss    

Visual observation, saturation indices, element ratios, and mass fluxes, when combined, give a remarkably 
clear picture of the processes of iron and aluminium precipitation in both groundwater and surface water 
from the mixing and neutralization of ARD. Each approach has a role in quantifying contaminant transport 
and each must be understood to have certain limitations. 
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Abstract
Despite advances on AMD solutions and greater understanding of management options, 
barriers remain to their implementation. The CRC TiME therefore asked a diverse group 
of stakeholders, what was the root cause of the failure to implement AMD solutions. The 
stakeholders identified ten themes that spanned across organisational practices, cultural 
behaviour, engagement and communication, current business models, decision-
making tools, and scientific understanding. Together, these can cascade into ineffective 
management of AMD throughout the life of mine and closure. This work highlights the 
need for action on aspects that are non-technological and could have a deep impact on 
planning for closure.
Keywords: Acid and Metalliferous Drainage, Organisational Culture, Organisational 
Change, Stakeholder Engagement

Introduction 
Mining is a crucial sector for human 
and economic development with an 
unprecedented growth, expected to double in 
the next fifty years (OECD, 2019). However, 
the positive contributions of the mining 
industry to global development, frequently 
come with environmental and social costs 
when mining activities trigger the formation 
of acid and metalliferous drainage (AMD). 
The lack of timely management combined 
with the challenges of waste containment, 
have caused environmental impacts with 
long-lasting, irreversible perturbations in 
ecosystems as well as on the economic and 
social fabric of local communities. 

AMD environmental and socio-
economic impacts have stimulated the 
strategic development of targeted prevention 
and remediation solutions. Nevertheless, 
developing a universal technical solution 
for AMD has proven difficult due to the 
lag time for its impacts to manifest, the 
variation in site geochemical characteristics, 
mining methods, hydrological and climatic 
conditions, (Thisani et al., 2021). Whilst 
treatment solutions offer high efficiency and 

reliability to achieve statutory compliance, 
they have become increasingly sophisticated 
and expensive due to the associated 
technology, energy, capital and maintenance 
costs. Delayed implementation of pro-
active AMD management from the early 
stages of a mine project, combined with 
“end-of pipe” solutions, result in increased 
management costs at closure stage. Despite 
regulatory compliance, adherence to permit 
conditions and the development of risk 
management plans, some projects can still 
result in significant environmental, social 
and economic impacts in the long run. 
Operational management focussed on source 
control processes and improved analytical 
prediction tools, together with risk assessment 
frameworks, have been vital to decreasing 
AMD risks and liabilities. Nevertheless, 
despite advances in risk assessment tools, 
there is still a perception that management 
of AMD risk is not a key driver of mining 
operational priorities and decision-making, 
resulting in failures to manage AMD 
adequately, and in the continual creation of 
mine closure liabilities (Commonwealth of 
Australia, 2019).
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Identified core issue themes:

Identified core opportunity themes:

Failure in AMD management results 
from a complex interplay between en-
vironmental, social-economic, cultural and 
historical contexts, coupled with corporate 
practices and norms that typically don’t 
embrace methods suitable to tackle such 
challenges. In addition, dynamic societal 
attitudes, stakeholder expectations and 
regulatory policies, together with a drive to 
better understand community values and 
aspirations, means governance of mines 
is increasingly challenging, and enhanced 
strategies for decision-making are required. 
In this context, AMD management can 
be seen as a classic example of a wicked 
problem, where dynamic and complex 
situations arise, involving stakeholders with 
different value systems. A wicked problem 
is often a symptom of a deeper underlying 
problem. However, the interrelationship 
between the different aspects makes under-
standing the deeper problem difficult and 
uncertain. Consequently, assessing poten-
tial solution(s) and achieving a shared 
understanding of the problem can only be 
done by considering a complete range of 
experiences and involving all perspectives. A 
well-established approach to this challenge is 
through participatory dialogue with diverse 
stakeholders in a collaborative analysis, to 
discuss “the problem”, and unveil explicit 
and tacit knowledge to establish a common 
understanding of the root cause(s) for AMD 
intractability.

Methods 
This project utilised a participatory dialogue 
approach engaging with a multidisciplinary 
and internationally diverse AMD stakeholder 
group, to assess the issues surrounding AMD, 
the opportunities for improvement, and 
to support the refinement of the business 
model for improved AMD management. A 
process called Open Space Technology (OST) 
was used for the participatory workshops, 
which were run under the theme “AMD 
intractability”. During the workshops, all 
participant comments were transcribed and 
collated. We then analysed the consolidated 
workshop transcripts, and used structured 
thematic mapping to identify the underlying 
issues that stakeholders believed contributed 
to the AMD management challenge, as well 
as the opportunities for improvements in the 
AMD business case. 

Results and discussion
Five core Issue Themes and five core Oppor-
tunity Themes were identified (Figure 1) with 
each of the themes discussed in the following 
sections. 

The identified ten issues and opportunities 
were then categorized into four broad themes:

A. Enhancing the business case for AMD 
management 

B. Engagement, communication and edu-
cation. 

C. Standards and governance.
D. Understanding the science of AMD.

Figure 1 The identified core issue themes (I1-I5) and opportunity themes (O1-O5) that resulted from open 
space and dialogue mapping processes.
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The following section gives a brief 
description of the aspects embedded in each 
broad theme and the associated issue and 
opportunity themes.

1. The business case for AMD 
management

The critical need for integrated management 
of AMD throughout the life-of-mine is 
the common thread across the ten themes; 
this has long been known yet continues to 
be perceived as currently lacking in many 
organisations. For example, enhancing AMD 
business case requires convincing decision-
makers that pro-active AMD management 
is financially sensible. However, difficulties 
in identifying long-term environmental 
and social risks and quantifying those late 
costs using cost evaluation processes such 
as Net Present Value (NPV) tools, can lead 
to an inaccurate apportionment of cost over 
time and discourage timely AMD action. 
This makes it challenging to communicate 
convincing economic arguments favouring 
early and pro-active AMD management. 
Processes that establish collaboration 
across different work areas and disciplines 
and promote improved cross-organisation 
understanding of specific practices, norms, 
and tools can be used to provide credibility 
to AMD risk analysis and stimulate the 
development of a more robust business case. 

Improved risk assessment programs, 
integrated screening and risk review protocols 
have been developed and implemented at 
some mines for a better management of 
AMD and closure planning. Nevertheless, 
there is still a failure to systematically 
manage AMD adequately (Commonwealth 
of Australia, 2019) signaling ongoing “blind-
spots” in the mitigation of AMD risks. These 
blind spots have previously been related to 
a multitude of factors, geological variability 
and lack of deposit and repositories 
knowledge, inherent technical limitations 
of AMD testing, decision-making based on 
inadequate tools or insufficient monitoring, 
lack of internal accountability processes and 
ineffective engagement with the full range 
of stakeholders (Lottermoser, 2015). In this 
study the following issues were unveiled:

a. Identified issue: Challenges aligning 
science and operations for decision 
making

There are challenges in aligning knowledge 
of site-based mineralogy and AMD geo-
chemistry with management approaches to 
mine planning and operations. Participants 
highlighted that when combined with a 
risk-averse mindset, this reinforces the 
focus on AMD treatment at the end of the 
mine life, when fewer mitigation options 
are available. Companies frequently opt for 
treatment options that may not be the most 
environmentally and social-economically 
sustainable in the long term.
b. Identified issue: Poor decision making 

due to unsuitable metrics / tools / 
models currently used

Decision-making instruments used for long-
term strategic assessments such as NPV 
are inadequate and their application is not 
integrated across disciplines. The lack of 
clarity on future consequences and risk of 
AMD at the start of an operation, combined 
with the current set of organisational values 
and norms puts the management focus 
on short-term risks resulting in improper 
evaluation of long-term risks and costs. 
c. Identified opportunity: Quantifying 

residual risk to improve the business case
There is a need for business plans to 
include a risk analysis of different AMD 
impact scenarios, in particular residual 
risk frameworks for closure planning, to 
determine different cost scenarios, the asso-
ciated liabilities, and the resultant annual 
cash flow during operation, closure and 
post-closure stages. Framing risk scenarios in 
terms of ongoing management rather than for 
the closure stage, would ensure management 
for relinquishment would start at beginning 
of life of mine. 

2. Engagement, communication and 
education

Despite adopting sustainable principles and 
Corporate Social Responsibility (CSR) ini-
tiatives and supporting increased stake-
holder collaboration and engagement and 
guarantee a social license to operate (SLO), 
mining companies have not fully incor-
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porated social-economic accountability and 
environmental success criteria into all de-
cision-making processes and business models 
(Frederiksen, 2018). Developing and effec-
tively implementing new accountability 
frameworks, establishing improved practices 
of cross-department dialogue and platforms 
that inform decision-making are required for 
improved accountability and better manage-
ment outcomes in the mining industry (Kemp 
et al., 2012). 

In addition to the deep understanding of 
the long-term financial liabilities of AMD, a 
sustained commitment to improved AMD 
management requires interdisciplinary colla-
boration practices. However, discipline-
specific language and lack of formal cross-
disciplinary communication tools, often 
result in lost opportunities to promote 
awareness across different teams and 
influence hierarchies of decision-makers. 
Thus, knowing how to communicate across 
teams and developing collaboration practices 
across departments is paramount to getting 
key messages across to people with different 
skills, capabilities and responsibilities. 
a. Identified issue: Need for comprehen-

sive stakeholder engagement and 
collaboration

There is often a remaining misalignment 
between industry interests and community 
aspirations. As a result, mining operators 
may remain detached from the complexities 
of the environmental and social-economic 
realities in which they operate, and their 
business practices are often biased towards 
sharing “selective” information with local 
communities.
b. Identified opportunity: Educate and 

inform professionals
Developing a rigorous business case to 
influencing mine planning, requires a better 
understanding of how technical risks can 
be materialised into financial risks and 
how to communicate these effectively from 
a financial perspective. Greater on-job 
training courses, targeting cross-pollination 
between disciplines whilst fostering more 
interdisciplinary collaboration and avoiding 
a silo culture will also promote greater access 
to key decision-making processes.

c. Identified opportunity: Enhance 
communication and collaboration

There is a need for improved structured 
communication and collaboration processes 
that create more comprehensive and 
holistic engagement with external stake-
holders, particularly with local mining. 
Communication and collaboration with 
external stakeholders, is a vital way to tackle 
concerns by companies, governments and 
societies, at both local and global levels. 

3. Standards and Governance
The regulation of mining activities in Australia 
is complex with regulations relevant to 
environmental AMD impacts, fragmented 
across Commonwealth, State / Territory 
and Local Government jurisdictions. Statu-
tory instruments are used to assess the 
environmental risks and suitable corrective / 
mitigation measures. However, these tools do 
not explicitly regulate AMD nor the production 
and release of acidity. Federal law regulates 
environmental protection and – therefore 
– the actions likely to significantly impact 
water bodies ecosystems and biodiversity, 
but does not specifically address AMD risks 
(Commonwealth of Australia, 2016). 
a. Identified issue: Need for greater  

clarity around accountability and 
internal values

Internal organizational practices and 
accountabilities are intertwined with inter-
nal stakeholder interests and objectives. 
Participants highlighted current tensions 
between short and long-term objectives, 
caused by different priorities being adopted 
across the organisation hierarchy.
b. Identified opportunity: Standards, 

governance and regulation
Regulatory frameworks around environ-
mental impacts, particularly related to AMD, 
need further consideration to understand 
aspects that may block, undermine or 
conflict with mining project goals, adequate 
post-closure management and long-term 
mine rehabilitation. Participants called for 
improved identification of regulatory gaps or 
loopholes that jeopardise closure goals. 
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4. Understanding the science of AMD
The mining sector is capital intensive and 
cyclical in nature resulting on a focus on 
controlling operational costs and impro-
ving productivity. Industry culture and 
organizational structures create hesitancy 
in trusting external stakeholder knowledge 
and capabilities leading to obstacles in the 
diffusion of innovations and collaborative 
partnerships to develop new solutions 
(Gruenhagen & Parker, 2020). In addition, 
high costs in scaling up new technologies, 
complexity of integrating these with site 
operations and the challenges in deploying 
to geographically remote areas means that 
implementation of large-scale application 
of alternative remediation processes is rare 
(Skousen et al., 2019).
a. Identified issue: Need for improved 

scientific understanding or deposit 
knowledge 

Knowledge of geological resource charac-
terisation is often still incomplete, resulting in 
gaps in site-based prediction and remediation 
strategies of AMD. Participants highlighted 
a need for improved source control charac-

terisation, and adequate segregation of 
materials based on their geochemical charac-
teristics. 
b. Identified opportunity: Improve 

knowledge of source control and value 
opportunities

Results from detailed characterization can 
help identify and accurately quantify minerals 
and elements of concern for potential AMD 
impacts and improve the integration of AMD 
management with mine planning processes 
and operational tools. There is a need for 
improved practices and processes for AMD 
prediction and prevention and for the 
creation of economic value from AMD. 

Where to from here for CRC TiME
Based on the emergent themes, a roadmap 
was created (Table 1) to identify the areas 
where future CRC work could make the most 
impact in helping improve a business case to 
minimise AMD risk across the mining life 
cycle. The outlined scope for each theme is 
based on the workshop discussion. In each 
case, we have highlighted the work to be done 
in the short and medium term.

Short Term (0-3 years) Medium Term (3-6 years)

Enhancing the business case for improved AMD management

• Develop methodologies to support the required 
transitions in organization maturity relating to mine 
closure generally, and AMD management specifically.

• Undertake a case study audit of KPIs and their timeframes, 
across the whole of business, identifying where conflicts 
arise for AMD management.

• Improve frameworks to adequately quantify risks and 
opportunities throughout mine-of-life, particularly for 
mine closure planning and associated residual risks.

Educate and inform cross-disciplinary professional teams 

• Identify skills needs and education required to capture 
closure challenges in the business case for improved  
AMD management.

• Deliver educational resources for cross-disciplinary 
teams, to facilitate a shared understanding of AMD risks. 

Understand community aspirations for AMD-affected lands

• Explore how to improve traditional owner and community 
awareness of AMD.

• Explore opportunities for two-way science with traditional 
owners of AMD-affected lands.

• Use traditional owner and community aspirations for 
the future use of AMD-affected lands, to drive AMD and 
closure research.

• Develop effective AMD communication resources 
with adequate language and messages for different 
stakeholder groups, based on their concerns.

• Develop platforms to share (anonymized) operational 
data and to improve community and investor 
engagement. 

• Select demonstration sites and develop case studies of 
both failures and success in AMD management and the 
relinquishment of AMD-affected land. 

Table 1 Suggested AMD research themes, summary of related scope and their timelines
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Conclusions
The complexity of the AMD intractability 
problem reflects a multidisciplinary chal-
lenge and is embodied by consolidated 
operational practices that do not serve pro-
active management and obstruct the required 
cultural shift. The multifaceted and wicked 
nature of AMD management comprises a 
critical challenge in adequately defining the 
root cause of the problem and developing 
methods to understand it, let alone creating 
solutions. 

The interdisciplinary stakeholders’ colla-
boration method used in this study expanded 
on the previous understanding of the AMD 
management challenges by identifying blind-
spots and underlying issues and opportunities. 
This “opportunity-driven” method identified 
ten themes as the critical areas where further 
research is required to adequately address 
the AMD problem (five issues themes) and 
its potential solutions (five opportunities-
themes). The clarity of the emerged themes 
demonstrates the methodology’s capacity 
to unveil collective tacit knowledge and 
explicitly detect underlying issues and 
associated new questions (opportunities).

The identified themes do not call for 
small incremental improvements in our 
knowledge about AMD; they call for cultu-
ral shifts within organisations. Divergent 
responsibilities, conflicting key performance 
indicators (KPIs), narrow risk assessment 

approaches, and short-term decision-making 
strategies often conflict with the long-term 
and interdisciplinary approaches required for 
optimal AMD management and prevent its 
effective incorporation into the whole mine 
life cycle. Transitioning an organisation from 
compliance with regulatory requirements 
for AMD management and closure, to 
integration of mine closure within the 
whole organisation culture and operations, 
is dependent on a shared understanding 
of several key points. All decision-making 
teams across a company must understand 
the risks of AMD, future uncertainties they 
encompass and the lost opportunities if the 
risk is not mitigated. Ultimately, the internal 
business proposition for AMD management 
must be rigorously communicated and 
underpinned by this shared understanding 
of its risks. 

The full report describing this work 
is at: https://crctime.com.au/macwp/wp-
content/uploads/2022/10/Project-3.6_Final-
Report_27.10.22_approved.pdf ”
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Short Term (0-3 years) Medium Term (3-6 years)

Enhance standards, governance and regulation

• Develop approaches for governance of regional-scale 
AMD management, with consideration for cumulative 
impacts on regional economies.

• Assess operational and regulatory barriers that may limit 
social and environmental monitoring and reporting, and 
the associated liabilities.

• Review and evaluate the decision-making processes that 
underlie the existing permitting conditions with respect 
to AMD (water pollution).

• Develop new regulatory approaches that can be used 
to improve outcomes, based on specific site-level 
environmental constraints.

 Improve knowledge of source control, remediation and value opportunities

• Improve our understanding of source control and 
materials handling through accurate forecasting of AMD. 

• Through geochemical risk assessments, evaluate 
opportunities in reprocessing waste and converting AMD 
into a valued product.

• Develop predictive models of current and future AMD 
risk, to support long-term AMD governance. 

• Validate remediation and valued-added technology 
focussed on scale-up studies.
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Abstract
Tummalapalle area in Cuddapah Basin hosts two narrow strata bound parallel uranium 
bearing lodes in dolostone, dipping at 14-17 degrees from surface to depths beyond 1,000 
m and intersected by post-mineralized dykes. These lodes are overlain by a thick band 
of purple shale, amenable to weathering when exposed to air. This is a low rainfall area 
with 245-279 dry days a year. The groundwater in this area, classified as ‘overexploited’ 
by CGWB, is drawn extensively for drip irrigation for banana cultivation.  A steady rise 
of areas under banana cultivation during the last two decades is associated with sporadic 
reports of elevated salt concentration in groundwater drawn from borewells drilled 
for the purpose. A study of the area’s hydrology, like groundwater flow directions, and 
spatial positions of orebodies dykes and agricultural borewells, throws light on possible 
causes of elevated salt concentration and their associated characteristics. The study also 
validates the performance and effectiveness of the engineered impoundment facility for 
the disposal of uranium ore mill tailings by comparing the characteristics of water and 
salts in the tailings with that of agricultural borewells.
Keywords: Tummalapalle, orebody, borewell, bananas, salts, tailings

Introduction
During the years 2018 and 2019, the Kadapa 
district in Andhra Pradesh received scanty 
rainfalls leading to a decline in groundwater 
level. It affected the banana cultivation in the 
area, and there were also reports of elevated 
concentrations of salts in groundwater 
drawn from some of the borewells used for 
the purpose. To investigate the root cause 
of the problem, a systematic hydrogeology 
investigation was undertaken by 3-D 
modelling of the uranium mineralized zone 
dipping at 14-17 degrees from the surface 
outcrops to depths of 1,000 m and spread 
almost over the entire area; and also through 
isotope hydrogeology studies. This paper 
deals with the findings of this investigation 
and emphasizes the need for long-term 
measures for sustainable banana cultivation. 

Geology of the Area
Tummalapalle area is located in the 
southwestern part of the Cuddapah basin 
and belongs to the Papaghni Group. The rock 
formations are Gulcheru Formation (~150-
200 m thickness) conformably overlain by 
Vempalle Formation (1900 m thick). The 
latter formation is overlain by basic lava 
flows and the Chitravati Group of rocks. The 
litho-units starting from the base of Gulcheru 
Formation to the top of Vempalle Formation 
are basal conglomerate, quartzite and shale of 
Gulcheru Formation and massive dolostone, 
conglomerate, Uraniferous dolostone, purple 
shale constituting the lower 200 m of Vempalle 
Formation with Cherty dolostone constituting 
its upper 1700m. The mineralised carbonate 
rock is designated as “Phosphatic siliceous 
dolostone” (PSD), as dolomite is the major 
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mineral admixed with impurities like silicate 
detritus (quartz and feldspar) and phosphate 
cement (collophane). The main uranium 
phase in the impure dolostone is pitchblende 
with a minor amount of coffinite and U-Ti 
complex.  It has two narrow strata-bound 
parallel uranium-bearing lodes, dipping 
at 14–17 degrees from surface to depths 
beyond 1,000 m. The overlain thick band of 
purple shale is amenable to weathering when 
exposed to air. The sedimentary beds are 
gently dipping due-NNE and are affected by 
E-W trending post sedimentary fractures at 
places.

Physiography, Climate, and Rainfall 
The site in Vemula Mandal (a revenue unit) in 
the YSR (Kadapa) revenue district of Andhra 
Pradesh is at the foothill of the NW-SE 
trending hill range with a peak height of 750 
m AMSL in the south and south-west of the 
site, which extends on either side separating 
the regional topography. The site is mainly 
dominated by undulating topography with 
hillocks and valleys. The average ground level 
of the site is 360 m AMSL. The remaining 
sides of the site are almost flat except for a 
few sporadic hillocks on the western side. The 
flat terrain is at about 350 m AMSL and the 
western side hillock is at about 420 mRL. The 
minimum temperature of the Kadapa district 
varies in the 28-30 °C range from November 
to January and its hottest temperature varies 
in the 40-45 °C range during the April-May 
period. Kadapa district is a scanty rainfall area 
with 245-279 dry days in a year. The rainfall 
trend of the district is given in Table 1.  

Drainage & Watershed Map
The drainage pattern of the area is dendritic 
which facilitates high run-off and seasonal 
streams flow from the hills towards the east. 
Fig.1 shows the Google terrain map of the 
area.

Fig.1: Google terrain map of the Tummalapalle area

The watershed can be broadly divided into 
two areas, viz. Mabbuchintala Palle (MC 
Palle) area and the Tailings Pond Area. These 
two watersheds are shown in the Google 
satellite map in Fig.2. The tailings pond 
watershed is represented by a red outline and 
the MC Palle watershed by a blue line.

Fig.2: Watersheds shown on Google satellite map of 
Tummalapalle area

Table 1 Rainfall Trend in YSR (Kadapa)
Year Annual Rainfall (mm) Year Annual Rainfall (mm)

June-13 to May-14 654 Jun -17 to May-18 787

Jun-14 to May-15 499 Jun-18 to May-19 326

Jan -15 to Dec-15 1,004 Jun-19 to May-20 689

Jun -16 to May-17 566 Jan -20 to Dec-20 1,420

1999 to 2011 Min. 460, Max. 911, Average 709.5
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Agriculture
Banana is the principal crop in the area. It is 
carried out mainly on flatly dipping slopes in 
hilly terrain as it facilitates proper drainage of 
water during rains. In a span of 30 months (12 
months for planted crop and 9 months each 
after harvest for the subsequent crops), three 
crops comprising one planted crop and two 
ratoon crops are harvested without reduction 
in yield. The trends of banana cultivation in 
the district and the state of Andhra Pradesh 
and India are given in Table 2.

Encouraged by a high return on 
investment, there is a steady rising trend of 
conversion of barren lands on gentle hill slopes 
into agricultural fields for banana cultivation. 
Assured round-the-year availability of the 
required quantity of water is a precondition 
for maintaining productivity. The water 
requirement for banana cultivation through 
drip irrigation is given in Table 3. 

The drip irrigation system involves a 
higher investment compared to non-drip 
systems but offers the benefit of increased 
productivity and higher return on investment. 
Since the farmers cannot rely on rainwater, 
they adopt modern drip fertigation systems 
by drawing groundwater extensively through 
agricultural borewells. Though drip irrigation 
systems decrease water use by 30-70% 
compared to conventional water sprinkler 

irrigation, the gross demand for groundwater 
in this dry area is very high. This has led to 
the drying up of agricultural bore wells and 
the farmers are forced to drill new and deeper 
borewells to draw groundwater from deeper 
horizons.

Demand of Groundwater
The Central Ground Water Board (CGWB) 
defines ‘Stage of Ground Water Development’ 
as a ratio of ‘Annual Ground Water Draft’ 
and ‘Net Annual Ground Water Availability’ 
in percentage. CGWB categorizes an area 
as ‘Critical’ when the ratio of extracted and 
extractable groundwater is in the range (>90% 
- ≥100%) and ‘Over Exploited (OE)’ when it 
exceeds 100%. The groundwater recharge and 
withdrawal statistics of Vemula Mandal for 
different periods are given in Table 4.

In the Tummalapalle area, agriculture 
consumes the highest amount of groundwater 
(97.6% in the year 2019-20). The groundwater 
consumption for agriculture increased 
marginally by 5.8% from 1,369 Ha.M in 
2008-09 to 1,448 Ha.M in 2019-20. 

Rainfall is the principal contributor to 
groundwater recharge (65% of extractable 
groundwater in the year 2019-20). The rainfall 
was 689 mm during the 12 months from June 
2019 to May 2020 (@ 57.4 mm per month). 
However, the rainfall during the 17 months 

Table 2 Banana cultivation statistics
India

Year 1991-92 2002-03 2007-08 2008-09 2014-15 2017-18

Area (‘000Ha.) 384 475 658 80.1 79.4 89.0

Production (‘000 MT) 7,790 13,304 23,823 2,804 3,487 5,003

Yield (MT/Ha.) 20.3 28.0 36.2 35.0 43.9 56.2

Andhra Pradesh YSR (Kadapa)

Year 2008-09 2014-15 2017-18 2008-09 2014-15 2017-18

Area (‘000Ha.) 80.1 79.4 89.0 3.82 15.9 15.2

Production (‘000 MT) 2,804 3,487 5,003 115.8 953 834

Yield (MT/Ha.) 35.0 43.9 56.2 30.0 60.0 55.0

Table 3 Water requirement for Banana
Period Planting to 4th month 5th month to shooting Shooting to 15 days before harvest

L /plant /day 15 20 25
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Table 4 Vemula groundwater recharge & draft
Description 2008-09 2017 2019-20

Groundwater 
Recharge 
(in Ha.M)

Rainfall - - 1,096

Canal, Surface irrigation, Tanks and ponds - - 6

Groundwater irrigation - - 362

Water conservation structures - - 223

Total recharge - - 1,686

Environmental flows - - 84

Extractable groundwater 1,130 - 1,602

Groundwater 
Extraction
 (in Ha.M)

Irrigation 1,369 - 1,448

Domestic & Industrial 57 - 36

Gross Groundwater Draft 1,426 - 1,484

Stage of Ground Water Development (%) 126.19 106.13 92.65

Table 5 Groundwater parameters around the tailings pond up to 15 km
Parameter

To
ta

l S
am

pl
es

Unit
Tailings 

Pond

pH range and average values of parameters of groundwater samples

Collected from places outside tailings pond

By distance (km) Relationship with 
orebody /dykes

0 - 1 1 - 2 2 - 3 3 - 15 A# B# C#

pH 308
Max.

Min. 10.99 6.98 6.66 6.91 6.40 6.98 7.14 7.00 

11.20 8.04 8.56 7.93 9.10 9.10 8.56 8.29 

SO4-2 260 mg/L 9,001 95 316 190 135 145 244 408 

Na+1 156 mg/L 6,011 25.41 109.07 86.31 87.38 88.92 71.75 55.00 

Mg+2 156 mg/L 3.43 6.93 28.93 35.06 54.46 50.56 29.25 25.00 

Ca+2 156 mg/L 9.60 69.77 46.89 71.43 97.08 87.54 159.75 63.00 

EC 307 µS/cm 26,627 906  1,402 1,086  1,268 1,231 1,590 1,194 

TDS 307 mg/L 13,337 500      843 654 738 709 1,019 763 

HCO3 76 mg/L 8,235 401 367 364 342 351 -   -   

Total 
Alkalinity 
as CaCO3

184 mg/L -   421 470 358 381 383 474 399 

Total 
Hardness 
as CaCO3

184 mg/L -   323 382 398 525 490 361 420 

# Abbreviations used in this table

A not modeled B intersected C not intersected
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from January 2018 to May 2019 was only 423 
mm @ 24.9 mm per month, which was 57% 
lower compared to the period from  June 
2019 to May 2020. It was during this period 
when reports of a fast decline in groundwater 
levels in the area started pouring in from 
various sources. Simultaneously, there were 
sporadic reports of higher salt concentration 
in water drawn from some of the agricultural 
borewells.

Hydrogeological Investigations
To investigate the genesis of the above 
problem, a hydro-geological study was 
conducted to understand the 3-D spatial 
positions of orebodies dykes and agricultural 
borewells and the groundwater flow 
directions by developing a 3-D solid model. A 
total of 378 exploratory boreholes extracted 
at 200 m intervals have been considered 
for the orebody modelling. It was observed 
that some of the borewells had intersected 
the orebody. Some other borewells had 
intersected the post-mineralized dykes and 
others had neither intersected the orebody 
nor any known dykes. The area has many 
concealed dykes and only a few of them are 
mapped. The modelling of the orebody and 
dykes was restricted to limited areas around 
the tailings pond but the groundwater samples 
were collected over a larger radius during the 
period from August 2017 to August 2021 by 
various scientific teams. The summary of the 
findings of the study is presented in Table 5. 

From the above study, it is evident that 
the trends of concentrations of various salts 

in groundwater samples collected from places 
within a radius of 1.0 km from the centre 
of the tailings pond are similar to those 
collected from places located within radii of 
1.0-2.0 km, 2–3 km, and 3-15 km.  Similarly, 
the trends of concentrations of various salts 
in groundwater for samples collected from 
borewells intersecting the orebody /dykes, 
from borewells not intersecting the orebody /
dykes, and from other borewells which are not 
modelled, are also similar. However, there is 
a sharp contrast between salt concentrations 
in decanted water samples collected from 
the tailings pond and those in groundwater 
samples collected from borewells outside the 
tailings pond.

The sporadic nature of reported higher 
concentrations of salts was also examined 
by studying the distances from the centre of 
the tailings pond of 5% of the groundwater 
samples with the measured highest 
concentrations for each type of salt. This is 
given in Table 6.

From the above analysis, it is evident 
that the reported higher concentrations of 
various salts were sporadic in nature and 
had no relationship with the tailings pond. 
This is also evident from the findings of the 
isotope hydrological investigation carried out 
by the ‘Isotope and Radiation Application 
Division (IRAD), BARC’ that radiocarbon 
data of groundwater samples varied between 
38 to 105 pMC, and their modeled estimated 
radiocarbon ages varied from semi-modern 
to 3300 years. 

Table 6 Groundwater parameters around the tailings pond up to a 15 km radius
Parameter Unit Tailings Pond Position by distance 

from the centre of the tailings pond (in km)

0 - 1 1 - 2 2 - 3 3 - 15

SO4
-2 mg/L 9,001   - 1,401 1,153 1,133 

Na+1 mg/L 6,011   - 332 748 316 

Mg+2 mg/L 3.43   -   -   - 117 

Ca+2 mg/L 9.60   -   -   - 340 

EC µS/cm 26,627 - 3,550 4,071 3,317 

TDS mg/L 13,337   - 2,371 2,111 1,888 

HCO3 mg/L 8,235   -   - 600 520 

Total Alkalinity as CaCO3 mg/L -   610 815 622 - 

Total Hardness as CaCO3 mg/L -     -   -   - 1,199 
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Conclusion
The investigation validates the performance 
and effectiveness of the engineered 
impoundment facility. The impact of over-
exploitation of groundwater for bananas 
and other cultivations needs to be studied in 
detail to ensure their long-term sustainability 
as horticulture is the financial backbone of 
the local agricultural economy.
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Abstract
Minewall stations were used to estimate geochemical loading rates of mine walls 
contributing to the element concentrations of the Laver and Åkerberg pit lakes, and 
portable XRF measurements were used to estimate pit wall element concentrations. 
Statistically significant differences of the geochemical loading rates were found for Ag, 
Cd, Cu, Pb and Zn which were higher at the Laver mine site. Portable XRF measurements 
suggest that the Cu, Pb and Zn concentrations of the mine walls also are higher at the 
Laver mine site. Compared to pit lake surface water concentrations the geochemical 
loading rates were relatively small.
Keywords: Pit Lake, Subarctic, Open Pit, Metal Leaching, Minewall Station

Introduction 
There are many environmental issues that can 
arise due to mining, where poor water quality 
of pit lakes is one. Pit lakes have the potential 
to negatively impact ecosystems, humans, and 
water bodies. The water quality of pit lakes 
will depend on several factors where leaching 
from pit walls above the water surface is one. 
The quantity of elements that are released 
from pit walls are hard to estimate, and many 
methods are based on laboratory tests rather 
than field tests. Results can therefore differ 
from reality.

Minewall stations can be used as an 
inexpensive method to estimate geochemical 
loading rates of mine walls, which can be 
expressed in mg/m2/week (Morin and Hutt 
2004). Together with the total reactive surface 
area these rates can be used to calculate the 
environmental impact on pit lakes (Mend, 
1995). In this study we used a total of 12 
Minewall stations, installed at two old mine 
sites where pit lakes are present to estimate 
geochemical loading rates. Loadings were 
compared to handheld XRF measurements on 
pit walls, measured element concentrations 
in the pit lakes, and the estimated residence 
times of the pit lakes.

Eight stations were installed at the 
Laver mine site which was a low-grade Cu 
mine where some of the ore minerals were 

chalcopyrite, pyrrhotite, galena, sphalerite 
and arsenopyrite. It was mined between 1936 
and 1946 (Ödman 1943). Four stations were 
installed at the Åkerberg mine site, where the 
ore consisted of quartz veins hosted in gabbro 
containing gold and silver. The ore contained 
very little sulfides and the mine was in 
operation between 1991 and 2003 (Billström 
et al. 2012). 

The aims of the study were to investigate 
1) if differences in geochemical loading rates 
could be seen for the two mine sites, 2) if there 
were similarities between portable XRF data 
and the geochemical loading rates, and 3) 
estimate the contribution from mine walls to 
the total element content found in the pit lakes.

Methods
Minewall stations
Minewall stations were installed at relatively 
flat mine walls, with as few cracks as possible, 
and their surface areas varied from 0.11-0.42 
m2. For some stations the frame consisted of 
T-molding, attached to the mine walls with 
silicone, while some had a frame made from 
a transparent plastic sheet. A transparent 
plastic sheet was also used to construct the 
covers which were attached to the frame with 
binder clips and tape (Figure 1). Sampling of 
the stations was conducted by spraying the 
surface area with 200 mL of deionized water 
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that was collected at the lower end of the 
sloping bottom edge of the frame, that served 
as a canal for the water. The time between 
sampling events as well as the surface area 
of the Minewall stations can be found in 
Table 1. The samples were sent to ALS 
Scandinavia AB where they were analyzed 
using Inductively Coupled Plasma-Sector 
Field Mass Spectrometry (ICP-SMS) with 
an accuracy of ±20 % to determine element 
concentrations.

Portable XRF
For each Minewall station 20 portable XRF 
measurements were taken in situ. A 4 x 5 
measuring grid was distributed on the surface 
by dividing the length of the left and right 
edges of the station by six, before five lines 

were drawn across the stations based on this 
spacing. The lengths of the lines were then 
divided by five to find the spacing for four 
points of measurement along each line. A 
measurement time of 15 s together with the 
Mining+ setting on the Olympus Innov-X 
DELTA XRF analyzer was used.

Results and discussion
The average composition based on the XRF 
measurements are shown in Table 2 and the 
average geochemical loading rate of each 
Minewall station together with the average 
geochemical loading rate of each mine site is 
shown in Table 3. The data from Table 3 is also 
illustrated in Figure 2 where comparisons of 
the geochemical loading rates for the Laver 
and Åkerberg mine sites are illustrated.

Figure 1 a) Minewall station at the Laver pit lake including T-molding. b) Minewall station at the Åkerberg 
pit lake without T-molding. Figure from Paulsson (2021).

Minewall station Active dates Sampled Leaching days Surface area (m2)

Laver 1 (2017) 9/6 – 7/9 7/9, 3/11 90 0.33

Laver 2 (2017) 9/6 – 3/11 7/9, 3/11 90 + 57 0.11

Laver 3 (2017) 9/6 – 3/11 7/9, 3/11 90 + 57 0.15

Laver 4 (2017) 9/6 – 3/11 7/9, 3/11 90 + 57 0.13

Åkerberg 1 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.12

Åkerberg 2 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.11

Åkerberg 3 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.22

Åkerberg 4 (2017) 30/6 – 3/11 7/9, 3/11 69 + 57 0.15

Åkerberg 5 (2018) - - - -

Åkerberg 6 (2018) 10/7 – 15/8 15/8 36 0.42

Åkerberg 7 (2018) 10/7 – 5/10 15/8, 5/10 36 + 51 0.22

Åkerberg 8 (2018) 10/7 – 5/10 15/8, 5/10 36 + 51 0.18

Table 1 Total active dates, sampling dates, leaching days between each sampling events and surface area for 
minewall stations at the Laver and Åkerberg mine sites. Data from Paulsson (2021).



IMWA 2022 – "Reconnect"

381Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

The data suggests that there is a difference 
in geochemical loading rates for the two mine 
sites. Particularly for the elements Ag, Cd, 
Cu, Pb and Zn which had higher geochemical 
loading rates at the Laver mine site and for 
which the differences between Laver and 

Åkerberg were statistically significant based 
on an unpaired T-test where the P-values 
were <0.05. These elements are also found in 
ore minerals occurring at the Laver mine site. 
This suggests that the Minewall stations could 
be useful for estimating geochemical loading 

Ag (%) Al (%) As (%) Cd (%) Co (%) Cu (%) Fe (%) Ni (%) Pb (%) S (%) Zn (%)

Åkerberg 1 0.02 5.6 0.04 0.03 - - 13.3 0.009 - 0.02 0.011

Åkerberg 2 0.02 7.7 - 0.03 - - 9.0 0.001 0.0001 0.05 -

Åkerberg 3 0.01 3.2 0.04 0.03 - 0.133 15.8 0.005 0.0008 2.81 0.001

Åkerberg 4 0.02 6.1 - 0.03 - 0.001 11.9 0.001 - 0.44 0.001

Åkerberg 5 0.02 5.2 0.01 0.03 - 0.009 10.9 0.004 0.0002 0.07 0.001

Åkerberg 6 0.01 4.2 0.03 0.03 - - 12.1 0.001 0.0002 0.14 0.01

Åkerberg 7 0.01 4.4 0.05 0.03 0.006 0.004 11.8 0.003 0.0006 0.12 0.014

Åkerberg 8 0.02 7.3 - 0.03 - - 9.8 0.003 - - -

Average Å 0.02 5.5 0.02 0.03 0.001 0.018 11.8 0.003 0.0002 0.46 0.005

Laver 1 0.01 7.9 0.17 0.02 0.024 2.532 13.9 0.006 0.0371 0.63 0.273

Laver 2 0.02 4.0 0.12 0.02 - 0.128 5.1 0.001 0.0261 0.78 0.057

Laver 3 0.02 7.0 - 0.03 - 0.097 7.5 0.003 0.0064 0.14 0.068

Laver 4 0.02 5.7 - 0.03 - 0.021 3.5 0.005 0.0143 0.08 0.014

Average L 0.02 6.2 0.07 0.03 0.006 0.694 7.5 0.04 0.021 0.41 0.103

Table 2 Average element composition of the Minewall stations based on XRF measurements.

Ag
(µg/
m2/
week)

Al 
(µg/
m2/
week)

As
(µg/
m2/
week)

Au
(µg/
m2/
week)

Cd
(µg/
m2/
week) 

Co
(µg/
m2/
week)

Cu
(µg/
m2/
week)

Fe
(µg/
m2/
week)

Ni
(µg/
m2/
week)

Pb
(µg/
m2/
week)

S
(µg/
m2/
week)

Zn
(µg/
m2/
week)

Åkerberg 1 - 1.9 0.13 0.0012 0.002 0.29 0.3 0.9 0.5 - 127 0.6

Åkerberg 2 0.0004 2.1 0.02 0.0004 0.003 0.03 0.4 1.7 0.4 0.02 54 0.3

Åkerberg 3 0.0002 62.9 0.02 0.0016 0.002 0.30 2.0 110.4 1.5 0.02 526 1.1

Åkerberg 4 0.0002 70.8 0.02 0.0017 0.003 0.06 0.2 68.5 0.5 0.04 971 0.9

Åkerberg 6 0.0002 10.1 0.20 - 0.002 0.04 0.7 6.0 0.2 0.01 126 0.5

Åkerberg 7 0.0003 16.5 0.14 0.0059 0.002 0.05 0.5 8.4 0.3 0.05 167 0.8

Åkerberg 8 0.0003 3.9 0.04 0.0006 0.003 0.04 0.5 3.9 0.2 0.08 136 0.6

Average Å 0.0002 24.0 0.08 0.0016 0.002 0.11 0.6 28.5 0.5 0.03 301 0.7

Laver 1 0.0004 0.9 0.03 0.0004 0.199 1.9 58.6 1.0 0.5 0.43 719 49.7

Laver 2 0.0039 4.0 0.04 0.0005 0.149 0.06 7.3 9.5 0.6 0.25 151 27.9

Laver 3 0.0023 2.8 0.01 0.0004 0.187 0.11 11.0 1.5 0.3 0.19 73 39.2

Laver 4 0.0021 13.9 0.01 0.0003 0.911 0.67 12.6 7.3 0.5 0.91 342 211.5

Average L 0.0022 5.4 0.02 0.0004 0.361 0.68 22.4 4.8 0.5 0.44 321 82.1

Table 3 Average measured geochemical loading rates for the Minewall stations expressed as µg/m2/week.
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rates at mine sites that were closed many 
years ago. The data could e.g., be used as 
input in predictive modelling of pit lake water 
quality. According to Figure 2 there might be 
differences for other elements such as Al, As, 
Au, Co, and Fe as well. Of the elements that 
showed a statistically significant difference 
between the two mine sites the concentrations 
are higher for Cu, Pb and Zn, while no 
difference in concentration can be seen for 
Ag or Cd, based on XRF measurements. 
This could potentially be due to differences 
in weathering rates for the various minerals 
at the Laver mine site, but it could also be 
because the XRF measurements are not 
completely reliable. The Ag concentrations are 
lower than the other elements of this group 
which potentially could have influenced the 
results since lower concentrations could 
be closer to the detection limit of the XRF. 
A determination of the rock geochemistry 

through chemical analysis would therefore 
be an important addition to the results of the 
study. There are also substantial differences 
in the geochemical loading rates of Minewall 
stations installed at the same mine site 
(Table  3) and data from many stations is 
therefore necessary to get reliable results. 

Total yearly geochemical loading rates 
for the pit lakes (Table 4) can be estimated 
from Minewall station data and a low and 
high estimate of total reactive surface area 
(for further details see Paulsson (2021)). 
These yearly loading rates were divided by 
filtered surface water concentrations of the 
pit lakes to get an approximation of how large 
the yearly contribution of the mine walls are 
compared to the total element concentrations 
of the pit lakes in % (Table 5). 

As can be seen from the data the yearly 
input is small for most elements for both the 
low and high estimate of the total reactive 

Figure 2 Comparison of geochemical loading rates (µg/m2/week) from Minewall stations at the Laver and 
Åkerberg mine sites. From Paulsson (2021).
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surface area, and at both mine sites. However, 
the Åkerberg loading rates are substantially 
higher for the elements Ag, Al, Au, Cu, Fe 
and Pb which all are above 5% for the high 
estimate of the total reactive surface area. 
A potential explanation for this is that the 
Åkerberg mine was closed as late as 2003, 
while the Laver mine closed in 1946. Leaching 
from the pit walls at Åkerberg may therefore 
still be more active. The residence times for 
the epilimnions of the Laver and Åkerberg 
pit lakes have been estimated to 5.3-5.9 and 
2.8-4.9 years respectively (Paulsson and 
Widerlund (2020)). This could mean that the 
change in contribution from the mine walls 
to the element concentrations in the pit lakes 
would be relatively larger at the Laver mine 
site if the residence times were considered.

Conclusions
Differences in geochemical loading rates 
could be observed for the two mine sites 
related to their geology, and statistically 
significant differences were found for the 
elements Ag, Cd, Cu, Pb and Zn. The results 

suggest that a relatively small portion of the 
element content in the pit lakes comes from 
pit wall leaching and that other sources are 
larger contributors. 
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Abstract
The effect temperatures have on denitrification efficiencies was evaluated for adapted 
indigenous bacterial communities’ use as a bioremediation approach for contaminated 
mining sites located in low-temperature environments. Utilizing a kinetic exponential 
decay relation, denitrification rates were characterised using optimal carbon electron 
donor augmentation, derived from a carbon-molar ratio calculation. The kinetic data 
was applied in an adapted two-phase analytical decay model to predict the hydraulic 
retention times (HRT) at various temperature ranges. Denitrification efficiencies and 
HRT predictions were compared to high COD/N environments, using fixed filmed 
bioreactor treatment plants that are operated at low COD/N ratio, elevated nitrate (235 
mg/L) levels, and temperatures ranging from 6 0C to 25 0C. Nitrate removal efficiency 
varied between 99% and 65% for this temperature range, while using a 20% lower 
carbon augmentation concentration than commonly described. On-site operational 
data suggest that denitrification rates in low COD/N environments are less sensitive 
under 10 °C, compared to in high COD/N environments. Additionally, the obtained 
denitrification efficiency was achieved at faster HRTs than analytically predicted, 
proposing that temperature is not the only rate-affecting factor to consider when 
designing and operating large-scale treatment plants for low-temperature conditions.
Keywords: Denitrification, fixed-film bioreactors, exponential decay, nitrate, and 
temperature.

Introduction 
Nitrogen is one of the most abundant 
elements found on earth, while nitrate 
(NO3) is one of the most common nitrogen-
based compounds that occur naturally in 
moderate concentrations. Since the 1970s, 
nitrate contamination of ground – and 
surface water has become a significant 
environmental problem. The consequences 
include long-term health concerns arising 
from increased risks of methemoglobinemia, 
cancer, and environmental impacts such as 

the eutrophication of surface waters due to 
excess nutrients (Powlson et al. 2008). The 
sources include agricultural activities and 
sewage ingress. 

Mining activities can also be regarded as a 
liberator of elemental nitrogen (occurring in 
the soil or geological formations) as a result 
of disturbance of bedrock through blasting, 
resulting in the release of nitrogen-based 
compounds. These compounds interact 
variable with water and dissolved oxygen. 
Since mining operations demand a high 
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volume of water usage during operations and 
tailing deposits, this aggravates a mobilisation 
problem of nitrate-impacted water. This 
impacted water has a detrimental impact on 
the environment and end receptors 

In recent years the extended use of 
bioremediation treatments at mining sites 
has created a higher demand for effective 
and optimal biological denitrification 
approaches (Kuyucak 1998). Most bacteria 
responsible for denitrification are recognised 
as facultative heterotrophs and utilise nitrate 
as an electron-acceptor transforming it into 
nitrogen gas (Carrera et al. 2003). A better 
understanding of integrated metabolic cycles 
and how to manage denitrification efficiencies 
with electron-donor selection (carbon 
sources), augmentation concentrations, 
supplementation requirements, hydraulic 
retention times (HRT), and redox potential 
can identify the most effective remediation 
solution in a specific environment with an 
indigenous adapted bacterial community 
(Lau et al. 2016).

Considering that mining water contains 
low COD/N ratios, it is essential to augment 
the remediation process with an external 
carbon source, such as ethanol, acetate, or fatty 
acids (Bilanovic et al. 1999). Most wastewater 
systems utilize a COD/N ratio of 10:1 to 
sustain denitrification rates, while adapted 
indigenous bacterial communities from low 
COD/N environments, such as mining water, 
can effectively sustain denitrification activity 
at a 3:1 ratio (Hoffmann et al. 2007). Several 
publications report a preference for a specific 
carbon source while the variation emphasises 
the importance of characterising the 
optimum source for every site’s indigenous 
bacteria, and its impact on denitrification 
rates, especially for continued larger-scale 
treatment plants.

Denitrification rates can be described in 
a typical exponential decay curve shown in 
equation 1 (Appelboom et al. 1990),
[C1] = [C0] × e(-k×t) (1),
where [C0] is the initial nitrate concentration, 
[C1] is the concentration at time t, and k is the 
decay coefficient. This equation is expressed 
as an overall average in units of mass over time 
but is limited since there is no reference to the 
initial nitrate concentration or temperature 

and its effects on denitrification rates. The 
Arrhenius-type equation 2 is used to express 
the effect of temperature on denitrification 
rates: 
rD,T1 = rD,T2 

θ(T1-T2) (2),
where rD,T1 is the denitrification rate at 
temperature T1 and rD,T2 at T2, while θ equals 
the temperature coefficient. These aspects are 
merged in this paper to generate an adapted 
model, by considering removal efficiency, 
influent nitrate concentrations, and carbon 
stoichiometry at variable temperatures 
as a mass removal per volume over time. 
This allows the correlation of higher 
concentrations of nitrate removal efficiencies 
to effective HRTs for each temperature, 
especially at temperatures below 15 °C.

Denitrification efficacies obtained 
from fixed film bioreactors, operated at 
sites with elevated nitrate contamination 
(235 mg/L) and lower temperature 
environments, were compared to rates 
described from high COD/N wastewater 
treatments. Understanding the integration 
of denitrification efficiencies and variable 
environmental conditions can hold the key 
to developing more effective and sustainable 
biological treatment systems. This will impact 
design proficiencies and ultimately capital 
expenditure for larger-scale treatment plants, 
while showcasing lower operational costs 
associated with effective turnover, making 
bioremediation treatment systems even more 
accessible (Szablowski 2002).

Methods
Mining sites selection
Two sites with different treatment approaches 
were evaluated:
Site 1: Single-stage cylindric bioreactor 
treatment plant
A treatment plant was designed and operated, 
by the authors of this paper, at a mine in the 
Lesotho highland mountains. The surface 
water had a nitrate range of 210 – 235 mg/L, 
while temperatures varied between 6 °C and 
25 °C. As such, iWater’s biological plant was 
equipped with two proprietary designed fixed 
film bioreactors to evaluate denitrification 
rates at these temperature ranges. Bioreactor 1 
was not temperature controlled and operated 
between 6 °C and 20 °C, while bioreactors 
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2 was constantly controlled at temperatures 
between 20 – 25 °C. Inlet site water was 
continuously augmented with sodium acetate 
as a carbon source. Each bioreactor’s carbon 
concentrations were managed according to 
the HRT, which varied between 12 – 96 h at 
temperatures of 25 – 6 °C, respectively. All 
operations, in terms of carbon concentrations, 
HRT, redox conditions, and pH levels were 
managed remotely with a Program Logic 
Controller (PLC).

Site 2: Three-stage bioreactor treatment 
plant (USA-based)
This plant, compare to site 1, mainly operated 
at similar influx nitrate concentrations 
and temperatures, while a different carbon 
source selection and concentrations were 
augmented with extended HRTs. Site 2 
is located in Montana, United States of 
America (USA), and consists of a three-
stage bioreactor system. The bioreactors were 
operated in series with a single initial carbon 
augmentation with ethanol. Each bioreactor 
housed granular activated carbon (GAC) for a 
bacterial attachment media with low porosity. 
The bioreactors were not temperature 
controlled and operated between 6 – 20 °C. 
To achieve maximum denitrification rates 
HRT varied between 19 h, 34 h, 42 h, 53 h, 
and 56 h, for temperature ranges of 20 °C, 15 
°C, 10 °C, 8 °C, and 6 °C, respectively. 

Carbon-molar calculations and 
augmentation concentrations
For site 1, the required carbon concentration 
was characterised by applying a carbon-
molar ratio, derived from a balanced carbon-
base reaction (table 1) to the site’s nitrate 
concentration, including a 10% sulfate level, 
for effective nitrate removal. The carbon 
source was also supplemented with Di-
Potassium Hydro-orthophosphate (30:1). 

Temperature vs HRT analytical model
To express denitrification rates under 
various environmental conditions a kinetic 
exponential decay (k) was calculated for 
nitrate removal efficiencies. To calculate 
k at different temperatures equation 1 
(Appelboom et al. 2006) was expressed as a 
linear relation by calculating the natural log 
of both sides, as per equation 3:
ln[C1] = -k×t + ln[C0] (3),
where k is the slope of a straight-line 
relationship relating fixed time (t) and 99% 
removal efficiency (ln[C0] – ln[C1]) to 
variable volumes and temperatures (25 °C, 20 
°C, 15 °C, 10 °C, 8 °C, and 6 °C), with ln[C1] 
being the y-intercept. 

The effect of temperature on the 
denitrification efficiency is correlated to HRT, 
as a function of nitrate removal per volume. 
To express the representation between 
temperature and HRT, k is converted to a 
two-phase exponential decay (r2 = 0.99) using 
equation 4 (Arango-Osorio et al. 2003):

 (4),
Where C0 is the influx nitrate concentration 
at time t, and C1 is the nitrate removed 
concentration. During operations, donor 
supplementation and availability were 
unchanged, while pH remained between 7.5 
– 8.8.

Hydrochemistry analysis methods
All inorganic chemical and physicochemical 
analyses were conducted at South African 
National Analytical Standards (SANAS) 
accredited laboratories, using anion analysers, 
ICP-MS/OES, and auto-titration methods. 

Results and Discussions
Treatment implementations are mainly 
focused to create an optimal environment 
for the indigenous bacteria to stimulate 

The effect of temperature on the denitrification efficiency is correlated to HRT, as a function of nitrate removal per 
volume. To express the representation between temperature and HRT, k is converted to a two-phase exponential 
decay (r2 = 0.99) using equation 4 (Arango-Osorio et al. 2003): 

 
HRT =  × (           (4), 
 
Where C0 is the influx nitrate concentration at time t, and C1 is the nitrate removed concentration. During 
operations, donor supplementation and availability were unchanged, while pH remained between 7.5 – 8.8. 
 
 

 
 

Table 1 Calculated carbon-molar ratios of stoichiometric electron donor demand for redox reactions of 
anaerobic metabolic electron acceptors.

Electron acceptor Balanced reaction Molar ratio

Acetate

Oxygen CH₃COOH + 2O₂ → 2CO₂ + 2H₂O

Nitrate
5CH₃COOH + 8NO₃- + 8H+ → 10CO₂ + 4N₂ + 

14H₂O

Sulfate CH₃COOH + SO42- + 2H+ → 2CO₂ + H₂S + 2H₂O
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selected community members to reduce 
site pollutants, as described in section 2.1. 
On-site operational and chemical data were 
used to generate an analytical model and 
compared to literature data sets composed 
from high COD/N ratio environments, such 
as wastewater treatments.

Carbon source selection and 
augmentation concentrations
It is essential to characterise an indigenous 
bacterial community’s optimum carbon 
source and demand requirements using 
a microcosm study (Lau et al. 2016). The 
carbon-molar ratio calculator was utilized 
to characterise the minimum carbon 
concentrations, for site 1, to supply enough 
energy to sustain metabolic functioning at 
anaerobic redox conditions. This particular 
indigenous bacterial community is more 
selective toward a simple carbon structure 
source (e.g., sodium acetate), with minimum 
phosphate supplementation required.

To showcase the efficiency of the 
calculator, carbon usage is expressed as a 
value of COD/N ratio consumed:

 (5),

Where [COD]0 is the initial COD and [COD]1 
is after treatment. The average value was 2.4 
mg COD mg/N. The average stoichiometric 
ratio proposed for denitrification processes 
is 3 mg COD mg/N (EPA 1993; Mateju et 
al. 1992). The carbon-molar ratio calculator 
offers a 20% better yield efficiency in low 
COD environments. When it is considered 
for large-scale treatments (1 meqL/day) the 
utilisation of donor requirements per year 
can be considerably less.

Denitrification rate and temperature
The effect of the surrounding environmental 
temperatures on the denitrification rate 
is essential when designing a biological 
treatment plant. These factors can affect 
operational parameters, such as carbon 
concentrations and HRTs, which must be 
correlated to innovative engineering to 
either ensure variable operational parameters 
availability or temperature controlling affects. 
These considerations can have a major cost-
saving capability for large-scale treatment 
plants.

The effect of temperature on the denitrification efficiency is correlated to HRT, as a function of nitrate removal per 
volume. To express the representation between temperature and HRT, k is converted to a two-phase exponential 
decay (r2 = 0.99) using equation 4 (Arango-Osorio et al. 2003): 

 
HRT =  × (           (4), 
 
Where C0 is the influx nitrate concentration at time t, and C1 is the nitrate removed concentration. During 
operations, donor supplementation and availability were unchanged, while pH remained between 7.5 – 8.8. 
 
 

 
 

The effect that temperature has on 
denitrification rates was considered together 
with removal efficiency and influx nitrate 
concentrations, using equations 3 and 4 
(assuming donor stoichiometry remains 
unchanged with a constant pH of 7.5 – 8.8). 
Note that sites 1 and 2 (low COD) were 
compared to literature data (high COD) 
(Carrera et al. 2003; Doyle et al. 2001; and 
Oleszkiewicz et al. 1988). Figure 1 shows 
that the predicted HRT for denitrification is 
19 times higher at 6 °C compared to 25 °C 
at high COD availability. In comparison to 
only 9 times for the same temperatures at 
low COD environments. Additionally, the 
denitrification rate has a higher sensitivity at 
temperatures below 10 °C, independent of the 
donor source or availability (fig. 1). These are 
important factors to consider since different 
design parameters and operating approaches 
must be implemented in different COD 
availability environments. Denitrification 
rate sensitivity to temperatures below 10 °C 
has been described previously (Carrera et al. 
2003; Dawson and Murphy 1972; and Kim et 
al. 2006), however, this data indicates a less 
sensitive effect than commonly suggested and 
that faster HRTs can be implemented to still 
achieve effective nitrate removal efficiencies. 

Figure 1 Effect of temperature on the HRT.

Site operations and associated denitrifying 
efficiencies
Following the predicted HRT control, site 
1 was operated accordingly. Through HRT 
adjustments between 12 h – 96 h, the plant 
was operated to achieve rate determining 
nitrate removal at temperatures ranging from 
6 – 25 °C, respectively (table 2).
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Interestingly, the model is on par at 
temperatures above 15 °C, however, the 
bioreactors were operated at slightly faster 
HRTs below 15 °C, while achieving a 65% 
nitrate removal efficiency (figure 2 and table 
2). A wide range of literature advises that up 
to 60% and 90% of nitrate removal efficiency 
are lost at temperatures below 15 °C and 8 °C, 
respectively (Qu et. al., 2022; Saleh-Lakha et 
al., 2009; Vacková et al., 2011). Qu and co-
workers’ future described carbon utilization 
by the bacteria also significantly reduce at 
temperatures below 15 °C, independent of 
the carbon source used. The nitrate removal 
efficiency at these low temperatures is rarely 
seen and achieving it at such fast HRT and 
a constant 2.4 mg COD mg/N augmentation, 
makes it even more unique. 

Figure 2 Theoretical temperature effect on HRT 
compared to actual operational HRT.

To clarify the analytical model prediction at 
lower temperatures one can, attribute these 
rates to more factors than just temperature, 
donor availability and pH. Metabolic function 
and adaptability within the indigenous 
bacterial community can also contribute 
to denitrification rates. It is well described 
that partial denitrification metabolism 

frequently occurs in environments with low 
DOC/N ratios and at temperatures below 
15 °C (Almeida et al., 1995; Ge et al., 2012; 
Wilderer et al., 1987). This has also been 
observed during site 1 operations, where up 
to 19 mg/L nitrite (NO2-) was present for a 
165 mg/L nitrate removal efficiency (table 
2). This indicates a slight stall in metabolic 
activity as temperatures lower. This can have 
a major effect on denitrification efficiencies, 
as accumulative levels of nitrite can have 
a feedback inhibition for denitrifying 
bacteria (Almeida et al., 1995; Carrera et 
al. 2003). Extended metagenomic studies 
can determine whether all the required 
denitrifying genes are present or expressed, 
or does it include alternative functionality 
to allow denitrification to continue 
throughout these temperature ranges as 
a new conundrum. By future comparing 
the metagenomic data between different 
treatment implementations, the often-
excluded bacterial diversity and functionality 
aspect could answer this question.

Conclusion
This paper highlights the need to determine 
the optimum carbon source per indigenous 
bacterial community, especially for low 
COD/N environments. When carbon 
sources are stoichiometrically balanced to 
the geohydrochemical nitrate conditions, 
up to 20% lower carbon augmentation can 
be used, which has major operational cost-
saving implications for large-scale biological 
treatment plants. The adapted analytical 
exponential decay model indicates that 
denitrification efficiencies are highly sensitive 
at lower temperatures, nevertheless, adapted 
indigenous bacteria from low COD/N 
environments are prone to be less affected. 
This consideration is essential when designing 

Table 2 Treated chemical data set of site 1 at various temperatures and HRT.

25 20 15 10 8 6
12 12 24 48 72 96

Parameter Unit Inlet 

Alkalinity - total mg CaCO3/L 54 449 445 447 307 98 95,1
pH 7,5 8,8 8,4 8 7,6 7,6 7,6
Nitrate mg/L 234 < 0,01 0,5 5,7 18,8 79,8 70,5
Nitrite mg/L < 0,01 < 0,01 0,60 10,6 19,5 - -

Temperature (°C)
Site 1

Outlet
HRT (h)
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and operating denitrifying treatment plants in 
mining environments. When this analytical 
exponential decay model and predicted HRT 
requirements were implemented for a fixed 
film bioreactor plant, 99% nitrate removal 
was achieved at temperatures above 20 °C, 
showcasing a fairly accurate prediction. 
Nevertheless, at lower temperatures slightly 
faster HRTs, than predicted, were achieved, 
with a 70% nitrate removal efficiency at 6 °C. 
This removal efficiency is rarely described 
at such low temperatures. It is, however, 
important to note that a partial denitrification 
metabolic stall at nitrite was analysed, 
suggesting that metabolic functioning and 
adaptability also play a role in denitrification 
efficiencies at lower temperatures. Thus, it is 
essential to identify all the informational gaps 
of each site to tailor the remediation strategy 
since no aspect from the geohydrochemistry, 
environmental conditions, carbon source 
selection, bacterial composition, and meta-
bolic capacities stand alone. 
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Abstract
The PostMinQuake research project aims to identify mechanisms, relevant parameters 
and dependencies causing post-mining seismicity in several European hard coal 
regions. To better understand the processes that cause micro-seismicity in closed 
mines, it is necessary to study the geology, mining methods, post-mining situation, 
and monitoring of seismic activity and water table in the basin of interest. The mine of 
interest in Germany is Hamm, located in the Ruhr Basin, where mining ceased in 2010. 
Up to 60 events per year have been registered here, all with local magnitude below 2.5. 
Keywords: Micro-Seismicity, Water Table, Post-Mining, Hard Coal

Introduction 
Underground mining methods aim to 
extract minerals from the subsurface and 
they have an influence on the geological 
environment and on the use of the land 
surface. This influence is accentuated in coal 
and metal ores mines, since large quantities 
of rock are extracted and transported to the 
surface (Didier et al. 2008). When operating 
an underground coalmine, the water has 
to be pumped. When closing these mines, 
pumping of mine water resumes and the 
mine water raises, which allows water to 
flow into the mine workings and into altered 
or fissured areas (Wolkersdorfer 1996). 
Ground movements can be caused, amongst 
others, by hydrogeological and hydrological 
changes through water drainage and flooding 
(Busch et al. 2012). These ground movements 
that occur during mine water’s rebound, 
which affect the stress field of the rock mass 
and can trigger interdependencies of the 
geomechanical properties, may cause damage 
to buildings and other infrastructures in the 
surface (Melchers et al. 2019).

The Research Fund for Coal and 
Steel (RFCS) has granted funding for the 
PostMinQuake project, for which several 
partners in Czech Republic, France, Germany 
and Poland gather information to better 

understand the processes that cause micro-
seismicity in former hard coal regions.

In order to study the relation between water 
table and micro-seismicity, it is important 
to gather the following information in the 
basins of interest: geology, mining methods, 
monitoring protocols (seismicity and water 
level), and post-mining situation. Once this 
information is gathered, the analysis of the 
data starts to identify similar approaches 
and develop a synthesis of good practices, 
compulsory and desired improvements, and 
the elaboration of criteria of hazard rating. 
In Hamm, mining ceased in 2010 and the 
Seismological Observatory of Ruhr University 
Bochum monitors the seismic events in the 
area, while RAG Aktiengesellschaft does the 
same for the water level. 

The goal of the project is to elaborate a 
final guideline to help the mining industry 
and decisionmaking bodies to manage 
the risks of post-mining micro seismicity, 
and it could be of interest in old petroleum 
reservoirs when converted to store H2 or 
when developing geothermal energy.

Geology and Mining in Hamm 
Germany has had a long history of hard coal 
mining in basins as the Ruhr Area. The mine 
“Bergwerk Ost” (BW Ost) in Hamm closed 
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on 30 September 2010, although other mines 
continued the activity until the government 
agreed to put an end to hard coal production 
by the end of 2018 (Melchers et al. 2019). 

The BW Ost was the result of merging 
the former mines Haus Aden (Oberaden), 
Heinrich Robert (Hamm) and Monopol 
(Bergkamen) in 1998, which covered an 
entire area of 285 km2. It is located in the 
eastern part of the Ruhr Area. 

The coal strata in the Ruhr Basin originated 
around 300 million years ago during the 
Carboniferous and consists of an alternating 
sequence of clay, silt and sandstones up to 
2,500 m thick with embedded coal seams 
(Hahnhe & Schmidt 1982). Towards the end of 
the Carboniferous, the deposits were folded, 
broken and altered into numerous ditch and 
horst clods by mountain-building processes. 
The folded structure contains several 
saddles, which main axes’ trend is southwest-
northeast. Besides the transverse disturbance, 
further tectonic elements occurred. The 
Carboniferous surface observed in the south 
of the area at a height of approximately 100 m 
above sea level also emerged due to recent 
lifting processes in the south, around 2° to 3° 
to the northern limit of the lower part, located 
approximately 750 m above sea level (AMSL). 
The basement, made up of rocks from the 
Palaeozoic Era, was essentially formed during 
the Variscan orogeny formation in the Upper 
Carboniferous. The formations during this 
period formed through compressions in the 
earth’s crust: the typical SW-NE stroking  
fold structure with high towering saddles  
and hollows, and a folding intensity that 
becomes weaker towards the northwest, 
shown in Figure 1.

Post-mining in Hamm
The Seismological Observatory of the 
Ruhr University Bochum (RUB) has a wide 
seismological network in the Ruhr area. The 
catalogue of seismic events complied by this 
seismological observatory during the last 
years of mining operation (between 2004 
and 2010) in Hamm show a total of 3,770 
earth tremors, of which 3,657 had a local 
magnitude ML < 2.

Since the mine closed on 30 September 
2010, there was a relative calm situation in 
terms of earth tremors (Busch et al. 2017), 
when only 204 events occurred between then 
and the end of 2021. Only 7 of these events 
had a local magnitude ML > 2. All the events 
that occurred since the mine closed are 
shown in Figure 2. It can be observed that 
these events occurred within the mined area 
(delimited by the blue dashed line).

In Figure 3, it is shown how the water 
table rose between 2010 and 2021 and it can 
be observed how the rise speed increased on 
an average of 964% in the four water stations 
since the beginning of 2020 and the end  
of 2021. 

The occurrence of seismic events in-
creased at the beginning of 2020, as shown 
in Figure 4. When comparing the data from 
the last two figures, it can be observed that 
the fastest the water raised, the more seismic 
events were produced. 

Conclusions 
We could observe that the rise of the water 
level was more constant until beginning of 
2020, when 130 seismic events with an average 
ML of 1.36 occur during 9 years (i.e. 14 events 

Figure 1 Geological structure of Hamm (based on Busch et al. 2017)
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Figure 2 Spatial distribution of post-mining seismicity in Hamm from 2010 to 2021. Circles denote earthquake 
epicentral locations (size proportional to the local magnitude); red triangles, the seismic stations; and blue 
squares, RAG’s water stations (based on data from Seismologisches Observatorium der Ruhr Universität 
Bochum 2021; RAG Deutsche Steinkohle 2021)

Figure 3 Mine water table in water stations in Hamm (based on data from RAG Deutsche Steinkohle 2021)

Figure 4 Depth at which the seismic events occurred in Hamm between 2019 and 2021 (based on data from 
Seismologisches Observatorium der Ruhr Universität Bochum 2021)
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per year). Since 2020 until now, the rise speed 
per year of the water level increased on an 
average of 964%, and 119 seismic events with 
an average ML of 1.31 occurred in the last two 
years (i.e. 60 events per year). Despite being 
early to withdraw any conclusion, it seems 
logical to say that there is a direct relation 
between the velocity at which the water raises 
in the former coalmine and the occurrence of 
induced seismic events. 
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Abstract
The Van Ryn area in the East Rand Goldfield has been identified as an ingress zone. 
Previously, the Van Ryn Canal was developed to convey over the surface and above 
mine workings in the outcrop zone of the Witwatersrand Supergroup in the northern 
part of the goldfield. The canal had been damaged at various points and was repaired 
to prevent ponding of surface water and subsequent seepage into the subsurface. This 
study focuses on the findings of the effectiveness of repairing the canal to reduce the 
ingress volumes in the vicinity of the canal. Ingress of water in the Witwatersrand 
was being estimated using the volumes pumped from underground workings and the 
response of the water level to pumping. 
Keywords: Van Ryn Canal, Ponding, Pumping, Volume, Ingress.

The Effectiveness of Upgrading the Van Ryn Canal as an 
Option to Reduce Water Ingress into the Underground 
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Introduction
Gold mining activities in the Witwatersrand 
Goldfields have been ongoing for over 100 
years following the discovery of gold in this 
area in the late 1800s. The mining initially 
focused on reef outcrops and shallow gold reefs, 
followed by deeper mining, south of the reef 
outcrops (Tucker et al., 2016). These mining 
activities have left some serious legacy issues 
that need to be addressed. Some of these issues 
are attributed to the cessation of operations of 
gold mines within the area. Unfortunately, as 
with most mining operations, these extensive 
mining activities had negative environmental 
impacts characterised by a change in landscape, 
surface, groundwater, soil pollution, and 
subsidence, amongst others. Abandoned mine 
shafts and natural subsidence exacerbated 
by illegal mining activities to scavenge the 
leftover ore have resulted in water ingress into 
the underground mined-out areas flooding 
the mine voids in the East, West, and Central 
Rand basins.  As a result of flooding, high 
volumes of acidic mine water with elevated 
sulfate and metal loads started discharging 
in the West Rand Basin with a high risk of 
discharge from the other two basins before the 
short-term intervention measures were put 
in place. Three High-Density Sludge (HDS) 

treatment plants were established to protect the 
downstream environment in the three original 
Witwatersrand Goldfields by neutralising acid 
water and precipitating metals. In addition, 
one of the recommendations adopted by the 
Inter-Ministerial Committee (IMC) on Acid 
Mine Drainage was to reduce the water ingress 
volumes to facilitate the effective management 
of mine water in the long term as well as saving 
costs on pumping and treating mine water.  
Ingress control can be achieved by preventing 
the direct flow of water into mine openings 
and the recharge of the shallow groundwater 
above the mine void. The prevention of water 
ingress can be achieved by, inter alia, building 
canals to divert the flow of surface streams 
and sealing of cracks and mine openings. The 
prevention of water ingress into the mine voids 
is beneficial in that it:
• Keeps clean water clean;
• reduces the rate at which mine workings 

flood;
• reduces the volume of water to be pumped 

out of mine workings; and
• reduces the costs associated with the 

cleaning of pumped-out water before it is 
released back to the natural environment 
(Marubini et al., 2011).
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Study area
Extensive work has been conducted on 
mine water ingress (Barradas et al., 1996; 
Nkabinde et al., 2005; Oryx Environmental & 
Limited, 2004; Scott, 1995; Vivier et al., 2006; 
Zitholele Consulting, 2005). The Van Ryn 
area has been identified as an ingress zone 
(Marubini et al., 2011; Marubini & Nemaxwi, 
2012) and studies to confirm and measure 
ingress volume was carried out by (Tegegn 
et al. 2017). Topographical and geotechnical 
engineering surveys were conducted to assist 
with the design of the canal.

In 2011, the Interministerial Committee 
on AMD recommended that ingress control 
measures be implemented to reduce surface 
water ingress into the mine voids. In this 
case, upgrading an existing channel was 
recommended as an implementation option 
to reduce surface water ingress. The canal was 
damaged at various points and was in a state 
of disrepair.  The stream flowing through the 
canal was diverted to the north at the inlet 
below Snake Road to form the Van Ryn pond 

(Fig.2) to accommodate the maintenance 
works. 

The 1 in 10-year flood event was 
determined for the canal route. An earth-
lined design was determined to be the best 
suited to the channel and the most cost-
effective (Tazu, 2017). The earth canal was 
reshaped and required structures including 
gabions to reinforce the downstream side of 
the embankment constructed (Fig. 3) and all 
design layers were subsequently completed. 
A 2100 × 1200 mm, Class 100s culvert portal 
was installed, replacing the smaller culverts 
which were contributing to ponding in the 
area. The canal has a length of 1734 m and a 
normal base of 10 m.

Collection of pumping data and water levels 
The Department of Water and Sanitation has 
appointed Trans Caledon Tunnel Authority 
(TCTA) to implement a short-term solution 
by pumping water from the mine voids in the 
Witwatersrand Basin. The data is recorded 
from the pumping station daily (Fig. 4). The 
two parameters of interest are the volume of 

 Figure 1 The locality map of the Van Ryn area.
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water being pumped from the mine voids and 
the water levels (Coetzee et al. 2021).

Data provided from the pumping station
To determine long-term average values, 
an ingress estimation method based on 
determining the average volume pumped 
between two dates with the same water level 
was selected for long measurement periods 
or a method based on linear interpolation of 
water level change and pumped volume The 
measurement period has been extended into 
the preceding (2017/18) hydrological year 
(Madzivire et al., 2022)

Results and discussions 
Estimates of ingress volume show a decrease 
following the completion of the Van Ryn 
Canal in October 2020, relative to baseline 
values determined for the 2017/18–2019/20 
hydrological years (1 October to 30 
September). In this basin water has been 
pumped since June 2016.  The pumping 
record shows a period from September 2018 
– February 2019 (Fig. 5) when water could 
not be pumped due to technical problems 
encountered at the pumping station. The 
rapid changes in water level during 2020 
and 2021 occurred as the pumps were 
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Figure 4 Daily water levels and pumped volumes for the Eastern Basin.

Figure 5 Water level and cumulative pumped volume from the Eastern Basin from 31 May 2016 to 
25 August 2021.

 

periodically stopped to allow sludge disposal 
at the pumping shaft.

Average daily ingress volumes have been 
calculated on a year-by-year basis, using the 
linear interpolation method (Fig. 6). This 
shows average daily ingress of approximately 
70 ML/d, for normal and high rainfall years, a 
reduced ingress rate for the 2018/19 drought 
year and a further reduction for the 2020/21 
hydrological year.

The results post the completion of the 
repairs of the Van Ryn Canal show ingress 

reduction in the Eastern Basin as indicated 
in (Table 1) and (Fig. 7). Therefore, the 
implementation option recommended for the 
Van Ryn Canal is effective.

Conclusions 
In the Eastern Basin, data collected for one 
hydrological year following the completion 
of the Van Ryn Canal indicates that there 
has been a reduction in daily ingress volume 
which also allowed the water level to be 
controlled during the 2020/21 hydrological 
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Table 1 Results of flow estimation using the ht1 =ht2 method for the Eastern Basin.

Start date End date No. of days Start level 
(m.a.m.s.l)

End level 
(m.a.m.s.l)

Diff. level 
(m)

Mean level 
(m.a.m.s.l)

Volume 
pumped 

(ML)

Daily 
ingress 

rate 
(ML/d)

Pre-Van 
Ryn

2019/01/12 2020/10/08 635 1 463.14 1 463.16 0.02 1 451.84 41 525.6 65.4

Post-Van 
Ryn

2021/01/25 2021/09/11 229 1 469.88 1 469.93 0.05 1 472.84 11 740.5 51.3
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Figure 6 Ingress estimates for the Eastern Basin, using the linear interpolation method for the 2016/7–2020/1 
hydrological years, up to 17 May 2021.

Figure 7 Results of the pumping rates.

year. Controlling the water level in the 
underground mine workings will assist in 
planning for raising the environmental critical 
level (ECL). Before the completion of the 
Van Ryn Canal, the daily ingress volume was 
recorded as 65.4 ML/d, and post completion 
of the canal the daily ingress volume is 51.3 
ML/d (Madzivire et al., 2021).
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Abstract
A passive sulfate reduction system with iron scrubbers was identified as the most viable 
option for treatment of elevated sulfate within leachate from an old landfill and bench 
scale trials were established in 2019 at the site to test the theory. This included the use of 
a Biochemical Reactor (BCR) with different proportions of wood chips, straw, manure, 
limestone, and biochar to culture sulfate reducing bacteria. In addition the concept 
of ‘bugs on booze’ was trialled, using a Fix Bed Anaerobic Bioreactor (FBAR), where 
alcohol was added to enhance the sulfate reducer activity. In total three BCRs and two 
FBARs were set up for this stage of the assessment. The resulting treated leachate was 
then passed through different iron media types (haematite, magnetite and iron filings) 
and sand filters to remove sulfide/free sulfur generated by the bacteria, with an aerobic 
wetland/reed bed used to polish the effluent. The success of the bench scale project led 
to a pilot scale system being constructed and monitored in Spring 2020, the results of 
which confirmed the success of the bench scale testing and provided useful insights into 
management of the system. This latest paper updates the project and provides a summary 
of the full-scale system which is being constructed in 2022/23 and demonstrates the 
final tier of the successful application of the innovative system.
Keywords: Passive Treatment, Sulfate Reduction, Biochemical Reactor,  
Wetland, Pilot Plant

Introduction 
SLR Consulting (SLR) was appointed by 
British Gypsum (Saint-Gobain Construction 
Products UK Ltd trading as British Gypsum) 
to investigate options for the treatment of 
leachate emanating from  an old landfill 
disposal site at their property in East Sussex. 
The options analysis undertaken by SLR 
highlighted a passive treatment option for 
the removal of the sulfate, to below discharge 
standards, was a potential option but that 
it required treatability/feasibility testing. 
The concept involved the use of naturally 
occurring material containing sulfate re-
ducing bacteria to remove the sulfate with 
the resulting dissolved sulfide in the water 
being ‘scrubbed’ by a filter. An aerobic wet-
land would then be used to polish any final 
effluent before it is discharged. Full details 

of the bench and pilot scale can be reviewed 
in a paper presented in 20211, although a 
summary is presented below.

The Treatment Process Summary
The design of a treatment system should be 
based on the results of a “staged process” of 
bench and pilot-scale testing. Typically flow 
rates of c.5 to 10 mL/min or less is termed 
“bench-scale” study with a “pilot scale” 
study as one that would treat about 4 L/min 
or more. 

Bench scale testing is an effective way 
to advance a project toward to full scale 
implementation while gaining useful know-
ledge about appropriate media, reaction rates, 

1 J Robinson, I Andrews, J Dodd, L Josselyn, J Gusek 
and E Clarke (2021) Successful Passive Treatment of 
Sulfate Rich Waters. Presented at IMWA 2021, Cardiff.
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and functionality that increase confidence 
and overall effectiveness. The typical passive 
biological treatment process for sulfate 
reduction utilizes an anaerobic Biochemical 
Reactor or BCR. While BCRs receiving 
Mining Impacted Water (MIW) may be 
configured as “up-flow” or “down-flow”, 
experience has shown that up-flow BCRs 
are better than down-flow BCRs in treating 
sulfate rich and metal poor leachates. 

The organic substrate comprises hard wood 
chips, limestone, straw and biochar in varying 
proportions. 0.1% animal manure is added 
to provide the naturally occurring sulfate 
reducing bacteria innoculum. The sulfate in 
the influent leachate is then consumed by the 
bacteria and produces sulfide:

SO4
2- + 2 CH2O = H2S + 2 HCO3

-

The lack of suitable metals in the site discharge 
required a metal ion addition to passively 
sequester the sulfide generated through the 
sulfate reduction process. The dissolved sul-
fide will precipitate as an insoluble metal 
sulfide or potentially as free sulfur. At the site, 

iron was added at bench scale via a treatment 
substrate such that the following reaction 
(through precipitation of dissolved iron or 
on metal iron surfaces), in the substrate will 
occur, shown simplistically below:

Fe2+ + S2- → FeS 

This metal can be either in the zero-valent state 
such as scrap iron, or as an oxide. However, care 
in media selection is warranted. An Aerobic 
Polishing Wetland (APW), a lined shallow 
pond filled with soil and locally harvested or 
cultivated vegetation is used to re-aerate the 
anoxic effluent from the BCR. 

Bench Scale Set Up
To test the theory of a passive wetland 
treatment solution, a bench scale system was 
set up at the site to run for 20 weeks (fig. 1). 
The bench scale system comprised:
• three Biochemical Reactors (BCRs) – 

pump fed, each filled with a different test 
mixture comprising different proportions 
of manure, wood chips, hay, limestone, 
and biochar,
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Figure 1. Bench Scale Test Set Up	

Monitoring and Results 
The system was monitored for a variety of analytes along with the flows throughout the system. Weekly 
field-based monitoring of pH, redox and conductivity was undertaken along with sulfate, sulfide, nitrate, 
calcium and magnesium.  At monthly intervals, phosphate, alkalinity, hardness, iron, nickel, zinc and 
total organic carbon (TOC) was analysed. The flows through the reactor were typically 6 L/d for the 
BCRs and 25 L/d for the FBARs.  The latter was also reduced at the end of the treatment to be closer to 
the BCR flow rate to act as a comparison. The monitoring of the system was undertaken at weekly 
intervals where the redox and pH of the various components coupled with the flow rates were taken.  
The sulfate and other components were analysed at an offsite UKAS accredited laboratory.  The results 
of the treatability study are shown in Figures 2  to 5. 
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• three Sulfide Scrubbers (SCR), each filled 
with a different test mixture comprising 
magnetite, hematite, and iron filings,

• three Aerobic Polishing Wetland (APW) 
cells planted with wetland plants from the 
site, and 

• two Fixed Bed Anaerobic Bioreactors 
(FBAR) with two Sulfide Scrubbers, Aera-
tion Tub and Settlement Tub.

As part of the treatability, it was also decided 
to consider the use of a hybrid-passive 
approach which involves the additional of a 
soluble form of hydrocarbon, in the form of 
alcohol to increase the metabolic rate of the 
bacteria. In this Fixed Bed Anaerobic Reactor 
(FBAR) small quantities of ethanol is added 
to a small system to provide a food source 
for the bacteria. The reasoning being that 
with a more soluble food source the bacteria 
will consume more of the sulfate and hence 
less area will be needed for the treatment at 
pilot and full-scale. The hybrid system also 
had an active aeration and settling tank in 
replacement of the aerobic wetland system to 
act as a comparison.

Monitoring and Results
The system was monitored for a variety of 
analytes along with the flows throughout the 
system. Weekly field-based monitoring of pH, 
redox and conductivity was undertaken along 
with sulfate, sulfide, nitrate, calcium and mag-

nesium. At monthly intervals, phosphate, 
alkalinity, hardness, iron, nickel, zinc and total 
organic carbon (TOC) was analysed. The flows 
through the reactor were typically 6 L/d for 
the BCRs and 25 L/d for the FBARs. The latter 
was also reduced at the end of the treatment 
to be closer to the BCR flow rate to act as a 
comparison. The monitoring of the system 
was undertaken at weekly intervals where 
the redox and pH of the various components 
coupled with the flow rates were taken. The 
sulfate and other components were analysed 
at an offsite UKAS accredited laboratory. The 
results of the treatability study are shown in 
Figures 2 to 5.

The bench scale test results indicated that 
both BCRs and FBAR treatment will produce 
an effluent that would meet a 250 mg/L sulfate 
discharge limit. In mine water treatment 
systems sulfate reduction rates typically 
range from 0.1 – 0.3 moles/m3 substrate/ day. 
The rates for this study are shown to be at 
the upper end of this range. In addition, the 
FBAR rate of sulfate reduction was c.15 times 
that of the BCR reduction rate. Consequently, 
the media volume required to accomplish 
this with a BCR will be c.15 times greater 
than for the media volume for an FBAR with 
an identical treatment capacity. The land area 
footprint required for an FBAR treatment 
unit would therefore also be 15 times smaller 
than that required for a BCR. However, the 

Figure 2 Sulfate Concentrations
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Figure 3 BCR Sulfate Reduction Rate

Figure 4 FBAR and BCR Sulfate Reduction Rate

Figure 5 Sulfide Concentrations
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FBAR process will require the delivery of 
a steady and reliable supply of alcohol as a 
microbial nutrient. 

The passive BCR process does not require 
the addition of nutrient, such as alcohol, 
and therefore is seen as a more practical 
solution at the site. The scrubbers appeared 
to sequester sulfide ion present in the BCR 
and FBAR effluents, although it was also clear 
that free sulfur was being precipitated in the 
outfall from the anaerobic systems. The bench 
scrubbers that received the FBAR effluents, 
proved to be undersized. The aerobic wetland 
system was effective in removing the iron 
leached from the scrubbers and did have a 
positive impact on the organic carbon which 
came through the system. The results of the 
bench scale testing were very encouraging. 
This has led to the design and development of 
a pilot scale system at the site.

Pilot Scale Testing
The success of the bench scale trials led to the 
design and installation of a pilot scale system 
in Spring 2020 on the site (fig. 6). The purpose 
of the system was to confirm the success of the 
bench scale study by using the sulfate removal 
coefficients and preferred media option. 
The latter comprised mixing of wood chips, 
biochar, limestone, wheat straw, bench scale 
organic material and goat manure inoculum. 

The desired flow being introduced into 
the system was 0.5 L/min and above and 
there was no addition of alcohol as a nutrient. 
Review of the bench scale testing showed 
that free sulfur precipitation dominated and 
hence the iron scrubbers were not required, 
although sand filters were included. The pilot 

scale system had the original orientation 
of sequential treatment, although three 
biochemical reactors were established such 
that variety in flow rate and other parameters 
could be used to test the system. To construct 
the pilot plant, shipping containers were used 
for the three BCRs. These were lined with 
insulation which also prevented leaks, on the 
base and sides and reinforced such that they 
could hold the substrate and the water. 

Sampling ports were established such 
that different horizons in the units could be 
analyzed if required. The aerobic polishing 
reed beds were designed with baffles to 
lengthen the flow length in the wetlands and 
were designed for the removal of BOD/TOC. 
Facility was also made to add on the iron-based 
sulfide sequestering unit should monitoring 
indicate that sulfide is leaving the system at 
concentrations which were unsustainable 
from an environmental perspective.

The pilot system became live through a 
commissioning phase in Spring 2020 before 
the COVID emergency, and monitoring has 
been undertaken by a skeleton staff on site 
since. A number of sampling points were 
included in the system including a redox 
zone depth measurement in the anaerobic 
material, along with the treatment zones at 
various locations along the system.

The results of the ongoing monitoring 
have indicated good sulfate removal with 
no sulfide detectable in the effluent (fig. 7). 
Free sulfur has been identified in the system 
which has the potential to oxidise and release 
stored sulfur as sulfate, although during the 
summer/spring there was no evidence this 
has occurred. 
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Figure 6.  Passive Treatment Pilot Plant from right to left (Feed Tank; BCR1, 2, 3, 4; Reed bed 

(APW) 1, 2, discharge holding pond showing purple/white bacteria) 
Figure 6 Passive Treatment Pilot Plant from right to left (Feed Tank; BCR1, 2, 3, 4; Reed bed (APW) 1, 2, 
discharge holding pond showing purple/white bacteria)
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Elemental sulfur may be the primary 
product of sulfate reduction in the BCRs. 
Evidence includes the white cloudiness in the 
BCR effluents, white deposits in the wetland 
influent zones, and the purple tinge (likely 
the bacteria Chromatium sp. and Chlorobium 
sp.) in the final pond influent zone (fig. 6). 
Purple sulfur bacteria produce elemental 
sulfur as part of their life cycle. Thus far 
the pilot cell is confirming the results of the 
bench scale testing with latest influent sulfate 
of c.800 mg/L being reduced to c.100 mg/L 
in the effluent, thus providing robust design 
data for the full-scale system.

In the winter months the treatment 
efficiency decreased which was believed to 
be caused by temperature reduction and 
potential free sulfur re-oxidation. This tem-
perature dependency is a relatively well-
known phenomenon with passive systems, 
with sulfate reduction rates improving in 
spring and summer months. This aspect of the 
pilot scheme has been very useful in guiding 
potential management changes which may 
need to be included in winter months to 
maintain the same reduction in sulfate. 

The decreased performance of the BCRs 
over winter months was investigated. The 
monitoring showed some interesting changes 
in redox and TOC in the leachate entering 
the treatment system. Landfills are large 
anaerobic digesters, and this can result in 
inconsistent performance (effluent) from the 
treatment system. Influent TOC (‘food’ that is 
‘digestible’ for the pilot BCR organisms – like 
a ‘bugs on booze’ hybrid system investigated 
at bench scale) sustain the BCR well. When 

this food is reduced quickly in the leachate, 
the whole biosystem in the BCRs is essentially 
put on starvation mode with knock on lower 
sulfate reduction rates. This provided very 
useful information as it might suggest soluble 
organic matter amendment (as used in the 
bench scale testing) may be required during 
the winter months if the sulfate treatment 
is shown to fall below established permit 
conditions.

The pilot system operated until Jan 
2022, and planning permission for the full 
sale system was received in late 2021. The 
design layout of the full-scale system is 
shown in fig. 8. 

It was decided to construct the system 
atop an old landfill at the site and therefore, 
additional geotechnical assessments were 
made regarding the stability of the ground and 
the potential impact on leachate generation 
from the additional loading. Given this was 
an innovative system, the Environment 
Agency (UK regulatory) required additional 
information regarding the design and 
longevity of such systems. Construction of 
the system will hopefully begin in the spring 
and the result of the initial work will be 
presented at the conference.
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Figure 8. Proposed Layout of Full-Scale System 
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release stored sulfur as sulfate, although during the summer/spring there was no evidence this has 
occurred.  
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white cloudiness in the BCR effluents, white deposits in the wetland influent zones, and the purple tinge 
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system. Influent TOC (‘food’ that is ‘digestible’ for the pilot BCR organisms - like a ‘bugs on booze’ 
hybrid system investigated at bench scale) sustain the BCR well.  When this food is reduced quickly in 
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Figure 7. Example of Sulfate Treatment from the pilot plant operation. 

The pilot system operated until Jan 2022, and planning permission for the full sale system was received 
in late 2021.  The design layout of the full-scale system is shown below (fig. 8).   
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Abstract
Unlike in common hydrological years, when a sharp increase in dissolved concentrations 
and decrease in pH values is observed after the first autumn rainfalls, a different 
response is observed during the rainy events recorded after the occurrence of a wildfire. 
Decreases in most major elements, electrical conductivity (EC) and slight increases 
in pH were observed. Wildfire-ashes flushed during these events may have supplied 
sufficient alkalinity to attenuate the acidity, neutralizing the washout of the dominant 
efflorescent salts and the associated increase of AMD-elements concentrations in the 
river during the first rains of autumn in the Odiel watercourse. 
Keywords: Ashes, Net Acidity, Efflorescent Salts, Washout, Seasonal Variations

Introduction 
The Odiel and Tinto watersheds in the 
Huelva province (SW Spain), two world case 
scenarios of deeply polluted watercourses 
by acid mine drainage (AMD), present low 
pH values and extreme concentrations of 
dissolved contaminants, mostly metal(oid)s 
and sulfate, due to the contribution of diverse 
acidic leachates from historical massive 
sulfide mining sites of the Iberian Pyrite Belt 
(IPB) (Cánovas et al., 2021). Their current 
water quality is of major concern given the 
limited water resources available in the study 
area, located in a Mediterranean semi-arid 
region, and the severe contamination that the 
pollutant load carries on to the Ría de Huelva 
estuary, part of which is a declared protected 
natural environment, eventually reaching the 
Atlantic Ocean (Nieto et al., 2013).

Hydrochemical conditions of both 
basins are strongly dependent on several 
geochemical processes such as washout 
of efflorescent soluble salts, the transport 
of sulfide oxidation products from mine 
sites, mineral precipitation/dissolution with 
sorption/desorption processes or dilution by 
runoff (Cánovas et al., 2017). These processes 
in semi-arid climates are mainly controlled 
by hydrological seasonal variations. The 
warm-dry season is characterized by an 

intense precipitation of evaporitic salts which 
serve as a temporary storage of metal(loid)s 
and sulfate. With the beginning of the rainy 
season, the flushing of these soluble salts 
(and also sulfide oxidation products), stored 
along riverbeds and mine sites, releases an 
extreme load of acidity, thus registering 
annual maximum concentrations of dissolved 
elements and drastic pH drops in AMD-
affected watercourses. Thereupon, decreases 
in concentrations are observed due to 
dilution processes, when no salts remaining 
in riverbanks are left to be washout, and pH 
generally increases (Cánovas et al., 2008). 
Additionally, there are other factors that may 
play a key role in the AMD hydrochemistry 
(e.g. the settlement of treatment plants, adits 
sealing and tailings restoration, mine spills 
and/or factors related to climate change).

Climate models predict a magnification 
of wildfire events in Mediterranean regions. 
Wildfires can induce changes in soil physico-
chemical properties, increases in runoff and 
erosion rates, and modify inputs of sediments, 
nutrients and other water constituents (Smith 
et al., 2011). The mineralogy of the wildfire-
ashes generated in Mediterranean climates is 
highly alkaline (greatly soluble and reactive in 
water) with inert amorphous silica (Ulery et 
al., 1993; Pereira et al., 2012). In fact, biomass 
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ashes have been used as reagent for acidic 
leachates treatment (Bogush et al., 2020; 
Millán-Becerro et al., 2021). Accordingly, 
a sampling campaign was undertaken to 
evaluate the fire consequences in the Odiel 
River hydrochemistry, after the first rainfalls 
of autumn. This is believed to be the first time 
that the direct consequences of a wildfire on an 
AMD-affected watercourse have been studied.

Methods 
A sampling point located in the Odiel River 
middle basin was selected given its severe 
affection by the fire. The sampling campaign 
began after the cease of the wildfire, 
coinciding with the first rainfall after the 
dry season.This location is crucial in the 
Odiel River because it receives the acidic 
leachates from the Riotinto Mining District 
throughout the Agrio Creek, the main 
pollutant contributor to the Odiel watershed 
(Galván et al., 2016).

Different physicochemical parameters 
such as pH, electrical conductivity (EC) 
and redox potential (ORP) were measured 

in the field with a previously calibrated 
multi-parameter portable equipment. Water 
samples were filtered (Millipore 0.22 μm 
filters) and acidified to pH<1 with suprapur 
HNO3 (2%) immediately after sampling, for 
a total of 22 samples. Major elements were 
analyzed with ICP-OES, although only Fe, Al, 
SO4, K, Ca and Mg concentrations are shown 
in this study. Net acidity was calculated using 
the modified method of Kirby and Cravotta 
(2005). Flow data were obtained from the 
Sotiel Coronada gauging station, located 
downstream of the sampling point (23 km), 
and correlated with precipitation data from 
a pluviometric station located around 7 km 
from the sampling point.

Results 
Contrasting the usual AMD behavior during 
the previous hydrological years, when a sharp 
rise in dissolved elements concentrations and 
lower pH values are observed after the warm-
dry period coinciding with the first rainfalls 
of autunm, a different response was recorded 
during the post-fire rain events. 

Figure 1 a. Temporal evolution of main physicochemical parameters and riverflow during the sampling 
period b. Concentration evolution of dissolved Fe, Al and SO4 throughout the campaign.
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All major elements underwent a drastic fall 
in concentration in the sampling point. Thus, 
during the first rainy event, the EC suffered 
a substantial drop, caused by a decrease in 
the concentration of most dissolved elements 
(Fe: from 443 to 205 mg/L; Al: from 1805 to 
1059 mg/L; sulfate: from 22.8 to 13.3 g/L), 
coinciding with a slight increase in pH (fig. 1), 
contrary to the expected hydrochemistry 
changes in these waters during the fall season. 
Net acidity lessens from an initial value of 
12 to 7 g/L of CaCO3 equivalent. It is rather 
significant since the registered streamflow 
increment during the first rains may be not 
sufficient to provoke this response by dilution 
processes. This could be due to the dissolution 
of ashes accumulated after the fire. Wildfire-
ashes flushed during these events possess 
high alkalinity (Ulery et al., 1993; Pereira et 
al., 2012), and may have attenuated the acidity 
carried by the Odiel River, neutralizing the 
dominant effect of evaporitic salts washout 
and causing the precipitation of pollutant 
elements during the first autumn rains. This 
neutralization capacity of biomass ashes 
has been widely reported (e.g., Bogush et 
al., 2020). In the following days, a recovery 
towards the original conditions is observed. 

The second rainy event caused a major 
riverflow rise more than the previous one. 
Hydrochemical conditions showed a further 
decline in dissolved elements concentrations, 
reaching a net acidity of 0.36 g/L of CaCO3 
eq. and a reduction of more than 90 % for 
the major elements. EC declined from 15 to 
1 mS/ cm and pH values increased up to 4 

(fig. 1). In this event, the washout of salts and 
probably ashes must have been negligible, 
since most of it would have been dissolved 
during the first rains, dominating in this case 
a strong dilution process. Finally, the last two 
events were controlled by run-off dilution 
processes.

Discussion
In an effort to determine the influence of ashes 
dissolution on the water hydrochemistry, 
some geochemical tracers were considered. 
Additionally, Fe/SO4 and Ca/Mg ratios were 
calculated to infer the geochemical processes 
dominating during the sampling period.

Potassium (K) is a main inorganic 
compound of wild-fire ashes forming base 
mineral phases which are easily soluble 
in water (Ulery et al., 1993; Pereira et al., 
2012). Given its high content in ashes, K was 
considered as a geochemical tracer, along with 
S, common in AMD-affected watercourses 
(fig. 2) but not present in ashes. “Pre-rain” 
samples show the river conditions after the 
fire but before the beginning of the rains (the 
Odiel River is homogenized with the Agrio 
Creek discharge hydrochemistry during 
the summer); “1st Rain” and “2nd Rain” 
samples represent the evolution after the first 
and second rainfall events associated with 
a slight and a great increase in streamflow, 
respectively.

Geochemical data are available from 
an annual series of the Odiel River prior to 
the wildfire (2015-2016), represented by the 
Odiel before the Agrio River (main discharge 

Figure 2 Potassium and sulfur concentrations in the Odiel River during the study period. Extreme end-
members (biomass ashes and AMD-affected waters), are also represented to study their influence on the river 
hydrochemistry.
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of the basin), the Agrio Creek itself and 
the Odiel at the Puente de los Cinco Ojos, 
coinciding with the sampling point of the 
study. This series shows the conditions of the 
Odiel during a hydrological year, showing 
a range of mixtures between the Agrio and 
the Odiel, resulting in the final mixture of 
Puente de los Cinco Ojos. On the other hand, 
biomass ash composition from regional 
vegetation as an analogous to wildfire-ashes 
is available. A first trend is observed within 
the first rains towards the biomass ash 
member (fig. 2). Given the high K content in 
fire ashes and this initial evolution, opposite 
to the normal trend towards the usual 
mixture member during the second rain (and 
other subsequent rain events recorded), it is 
suggested that ashes may have been entirely 
washed out during the first rains after the dry 
season. However, there is a slight deviation 
which could be interpreted as the remaining 
influence of ashes dissolution on the river 
hydrochemistry.

Element ratios (fig. 3) suggest an intense 
precipitation of Fe oxyhydroxysulfates during 
the study period. The Fe/SO4 ratio decreases 
during the first rainy event evidencing a 
precipitation of these mineral phases instead 
of the common ratio increment as a result 
of efflorescent salts washout observed after 
the dry season. In this sense, the Fe-sulfate 
salts accumulated along riverbeds have 
high Fe/SO4 ratios (iron content is greater 
than sulfate within evaporitic salts than in 
the river waters) so that its flushing may 

cause a rise in the Fe/SO4 ratio. Thus, the 
alkalinity provided by the ashes rises the 
pH and induces the precipitation of Fe 
mineral phases reducing the Fe/SO4 ratio. In 
addition, it is expected that other elements 
co-precipitate and/or absorb with these 
mineral phases. The progressive increase of 
the ratio the following days may be due to 
transport of sulfide oxidation products from 
mine sites which may increase again the ratio 
in the river. During the second rainy event, 
the ratio drastically decreases as a result of 
a strong dilution process with pH increase 
leading to Fe precipitation (maybe coupled 
with the dissolution of remaining ashes from 
the first event). The decrease is followed 
by an increase that could be interpreted as 
effective evaporitic salts dissolution into 
the river water, coinciding with a slight EC 
increase (fig. 1).

Ca/Mg ratio increases during the two 
main rain events (fig. 3). Since evaporitic 
salts are richer in Mg than in Ca, their 
dissolution into the water would decrease 
the ratio. Therefore, these rises evidence 
the existence of Ca inputs, probably by the 
dissolution of deposited ashes, considering 
that Ca is also a major compound of biomass 
ashes in Mediterranean climates (Pereira 
et al., 2012). Potassium concentration 
peaks coincide with the ratios (fig. 3) 
suggesting a clear ashes influence on the 
river hydrochemistry. Generally, these ratios 
support the neutralization of the efflorescent 
salts washout by ashes alkalinity.

Figure 3 Fe/SO4 and Ca/Mg ratios reflecting the geochemical processes ocurring during the sampling period. 
Potassium concentration is also shown to asses the influence of the ashes.
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Conclusions
Wildfire-ashes flushing during the first 
autumn rainfalls may have supplied sufficient 
alkalinity to attenuate the washout of AMD-
evaporitic salts commonly observed in 
AMD-affected sites of semiarid climates and 
its implications (major pollution peaks of 
the year), preventing the usual increase in 
the Odiel River acidity. However, the acidity 
neutralization is temporary and punctual, 
with the river rapidly recovering to its original 
conditions after this quick dissolution and 
after the arrival of acidic leachates from mine 
sites. The results of this study shed light on the 
response of rivers to certain climate change 
effects, since climate models predict an 
increase in the number of wildfires, especially 
in Mediterranean climates.
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First Petrophysical Data Compilation on the Effectiveness of 
an Extensive Hydraulic Barrier during Mine Water Rebound in 
the Ruhr District – the Upper Cretaceous Emscher Formation.

Lisa Rose, Henning Jasnowski-Peters, Till Genth, Christian Melchers

Research Institute of Post Mining, Technische Hochschule Georg Agricola University,  
Herner Straße 45, 44787 Bochum, Germany

Abstract
The assessment of the intrinsic permeability/hydraulic conductivity of potential cap rock 
formations is an essential risk management task associated with the mine water rebound 
in the Ruhr district area. Hydraulic barrier evaluation is necessary to test safeguards for 
mitigating potential threats of drinking water reservoir contamination during rebound. 
Petrophysical data obtained from core material of Emscher Formation were measured 
in order to assess its future mine water infiltration potential. The Coniacian to Middle 
Santonian Emscher Formation acts as a major aquitard in the region. The aim is to 
capture the heterogeneity of the rock formation including its anisotropic behaviour. 
Keywords: Mine Water Rebound, Ruhr District, Hydraulic Conductivity, Cap Rock, 
Risk Management

Introduction  
The extensive mine water rebound process in 
the former hard coal mining area of the Ruhr 
District covers an area of about 5000 km2. 
Major hydrogeological changes in the area 
are anticipated during rebound, which makes 
the assessment of intrinsic permeability/
hydraulic conductivity of potential cap 
rock formations in the region an inevitable 
task in the context of risk management. 
For sustainable mine water management, 
consideration of hydraulic conductivity to 
assess fluid movements in the subsurface is 
essential. The increase in mine water levels 
and the associated reduction in mine water 
dewatering stations are the main components 
of the mine water concept. A gradual increase 
from an average pumping height of 900 to 600 
meters makes it possible to reduce the number 
of mine water drainage sites from 13 to 6 and 
to free the Emscher river from mine water. 
The primary protection goal, the protection 
of drinking water resources, must be 
guaranteed by ensuring a permanent vertical 
distance of 150 meters to the mine water. For 
a comprehensive picture of the overburden’s 
hydraulic behaviour a lithostratigraphic, pe-
tro logical and petrophysical analysis of moni-
toring wells drilled by RAG AG were carried 

out. Petrophysical parameters of porosity, 
permeability and hydraulic conductivity were 
the major focus. Core plug samples from the 
Coniacian to Middle Santonian Emscher 
Formation (“Emscher Marl”) and for internal 
quality control of the well conductive 
Bentheim sandstone were examined. Previous 
data assessment on the Emscher Formation 
exhibit only coarse hydraulic conductivity 
data of kf = 10-10 to 10-9 m/s on the matrix for 
modelling purposes (Coldewey and Wesche 
2017). Such data will be verified by direct 
measurements using porosimetry and gas 
permeametry.

Methods 
The Hg-porosimeter Autopore V9600 from 
Micromeritics was used to examine plugs 
with a length and a diameter of about 2.5 cm 
each (Figure 1). As a standard application, 
mercury (Hg) was used up to a pressure of 
414 Mpa for the porosity measurements 
due to its low wettability and high surface 
tension. Hence, mercury does not wet most 
substances and will not penetrate into pores 
by capillary action. It needs to be forced 
into the pores applying pressure and in the 
experiments, the Washburn equation was 
used to relate pressure to pore diameter 
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and later on includdie density to intrusion 
volumes (mg/L). The helium gas pycnometer 
AccuPyc II 1345 from Micromeritics was 
used to determine the skeletal and total (true) 
density of the plug samples. The density 
data is measured as well during porosimetry 
for verification and quality control. The 
examined core samples of the Emscher Marl 
are from a basal section of the Pferdekamp 1 
well from the depth 495.68 - 495.96 m. Plugs 
made of Bentheim sandstone, Gildehaus type, 
were drilled for benchmarking purposes of 
the instrument.

To produce the plug samples, suitable 
blocks of Bentheim Sandstone were selected 
and the approximately 30 cm long Emscher 
Marl core material was cut into multiple 
sections. These sections were positioned 
horizontally or vertically on a round plate 

and stabilized with plaster. Then the rock 
saw was used to cut pieces from above, which 
subsequently were cut to the correct length 
and each side of the plug was ground to a 
parallel plane.

Results
The results of the measurements are indicated 
in Table 1. The Emscher Marl has an average 
porosity of 14.7 %. Its average pore diameter 
is 0.03 µm. The Bentheim Sandstone, on the 
other hand, has an average porosity of 22.6 ± 
0.6% and an average pore diameter of 27.43 
± 0.62 µm which fits well with data obtained 
from Hossain (2019) and Ma (2016) who 
measured mean porosities of 22.75 ± 0,25% 
and 24.0 ± 0,4% for similar Gildehaus type 
samples. Figure 2 illustrates the petrophysical 
differences of the two rocks. While the 

Figure 1 Plug samples from the Emscher Marl and Bentheim Sandstone (image: Lisa Rose).

sample Entire pore 
volume

Medium pores 
diameter

Average pore 
diameter

Total density Skeletal density porosity

m²3?/g µm µm g/mL g/mL %

EM h1 9,951 0,03475 0,02582 2,2900 2,6850 14,7094

EM h2 10,658 0,02954 0,02326 2,2740 2,6471 14,0959

EM h3 10,145 0,03322 0,02570 2,2735 2,6690 14,8192

EM v1 10,581 0,03544 0,02677 2,2369 2,6579 15,8393

EM v2 12,310 0,02800 0,02128 2,2497 2,6385 14,7360

EM v3 11,475 0,02646 0,02175 2,2858 2,6660 14,2636

BS v1 0,147 28,10055 3,19340 2,0061 2,6233 23,5259

BS v2 0,310 26,49321 1,35345 2,0846 2,6680 21,8660

BS h1 0,269 27,70771 1,64421 2,0318 2,6207 22,4717

Table 1 Results of the Porosimetry examinations on plug samples from the Emscher formation (EM) and the 
Bentheim sandstone (BS).
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porosity and the average pore diameter of the 
sandstone are similarly high, the values of the 
Emscher marl are far apart.

In mercury porosimetry, the sample is 
flushed under pressure in a penetrometer with 
mercury. Depending on the pressure applied, 
the mercury is forced into the pore spaces. It 
depends on the so called smallest pore throat 

diameter which pores are filled with the non 
wettable fluid. In addition to this important 
diameter, which can be used for permeability 
determination, pore geometries can also be 
derived from the pressure volume curves. In 
the tests, pressures up to 414 MPa or 60,000 
psia were reached, which corresponds to the 
smallest pore diameter of about 0.006 µm or 

Figure 2 Mercury intrusion and extrusion curves on plug samples: EM H3 (top), EM V3 (center), BS V1 
(below); Cumulative intrusion volume vs. pore size and intrusion volume-increment vs. pore size graphs were 
plotted for each sample.
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60 Angström to be flushed. Pores of up to 
360 µm in diameter form the upper limit of 
the possible measurable pore diameter. In 
Fig. 2, the graph of the volume increments 
vs. pore sizes show a pronounced bimodality 
in the range of 0.02-0.04 µm for the two 
Emscher Formation plugs. The horizontally 
drilled sample indicates a slightly stronger 
compaction and a dominance of the larger 
pore diameter. The vertically drilled sample is 
characterized by a 50:50 distribution of two 
pore volumes. The Bentheim Sandstone as 
a counterpart shows an unimodal pore size 
distribution with a sharp peak at approx. 25 
µm, cylinder to equidistant pore geometries 
and very good permeability.

Conclusions
The average pore diameter of the Emscher Marl 
is very small at 0.03 µm. With an average of 
14.7%, the Emscher Marl has a comparatively 
high matrix porosity compared to its pore 
diameters which is an important finding and 
can play a role in the petrophysics of the rock 
. In comparison, the Bentheim Sandstone has 
a high matrix porosity of 22.6% on average 
and very large pores with an average pore 
diameter of 27.43 µm which underpins is 
excellent reservoir rock properties acting as 
an excellent fluid conduit. Due to the low 
pore diameter, the Emscher Marl indicates 
very low permeability for fluid despite its high 
porosity, which might have implications for 
gas migration and storage compared to fluid 
movements. To infer permeability from the 
porosimetry data, Katz-Thompson method 
will be applied to infer the corresponding 
permeability values in the future.

Models are required to transfer the 
determined hydraulic properties to a larger 
scale, such as entire well sites, well clusters and 

entire rock formations. Since the measurable 
samples only represent a tiny fraction of 
the entire Emscher Marl formation, it is 
important to identify the hydraulically rele-
vant structural elements first. As a next step, 
representative samples can be taken from 
the desired areas. Spatial arrangement and 
hydraulic conductivity are closely related and 
are both scale-dependent properties of rock 
masses. These properties are important to 
consider for the correct interpretation of the 
test results. Very low permeable rocks, such 
as the Emscher Marl, can be measured more 
accurately and faster on small scale plugs.
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Abstract
The Macraes gold mine is in a semi-arid area and is surrounded by agricultural pasture 
that suffers from summer droughts. Some mine waters have elevated sulfate (>2500 
mg/L) and elevated nitrate (5-20 mg/L), and treatment of these waters post-closure 
would be expensive. This study has trialed use of mine waters for agricultural irrigation. 
The trials were successful in encouraging pasture growth, although some localised 
precipitation of Ca-carbonates and saturation from over-irrigation caused some 
dieback. Summer irrigation added nutrients (S, N) to the soil, although the nutrient 
effects waned over subsequent winter. The irrigation approach is a potential win-win 
solution for the mine and surrounding farms with further long-term trials. 
Keywords: Sulfate, Nitrate, Waste Rock, Irrigation, Closure

Introduction 
Post-mining water management is a signi-
ficant legacy issue for the mining industry. 
It can result in substantial and on going post 
closure costs and an inability for companies to 
obtain closure relinquishment. Unfortunately, 
in many cases poor post-mining water 
management has led to a ‘socialisation’ of the 
perceived negative impacts of mining and has 
become a poster child to those who seek to 
stop future mine development.

Macraes Gold Mine (Fig. 1a,b; Craw and 
MacKenzie 2016) is fortunate in that it does 
not experience acid rock drainage (ARD) 
issues (Mains et al. 2006; Craw and Pope 
2017; Craw and Rufaut 2017). However the 
processes which drive ARD are present. 
Thanks to the buffering capacity of the host 
geology, mine water drainage has an alkaline 
pH, but is high in sulphate concentrations 
(Weightman et al. 2020). In addition, 
relatively recent analysis has determined high 
levels of nitrate. Current cost estimates for 
managing mine water during mine closure 
are over $4 million.

The mine area is in a semi-arid environ-
ment (Craw et al. 2022) that is surrounded by 
grazing pasture land that suffers from drought 
in summer months. During discussions with 
local farmers it was also noted that they used 

both nitrate and sulphate fertilizers. As a four-
year collaboration with the Otago University 
Geology Department, the Macraes Irrigation 
Project began with determining source and 
concentrations for main dissolved elements, 
as well as associated mineral precipitates 
(Weightman et al. 2020). The second step 
was to establish pilot scale trials to determine 
metrics and measurements for sulphate and 
nitrate that quantified their impacts on the 
terrestrial environment (Rufaut et al. 2022). 
A third stage examined effects from direct 
application of untreated mine water under 
agricultural conditions, along with assessing 
the potential for change to the downstream 
water chemistry.

Methods 
Two water discharge points were selected for 
detailed examination leading to irrigation 
trials: a silt pond that collects water from a 
large waste rock stack (red; Fig. 1b); and 
a collection point for seepages from waste 
rock and tailings (green, Fig. 1b). Water 
compositions discharging from these two 
sites (Fig. 1b) were well established with 
routine environmental monitoring by Oceana 
Gold Ltd (Craw and Pope 2017; Weightman 
et al. 2020). The geochemical (Fig. 2) and 
mineralogical nature of these discharges 
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Figure 1 VLocation and setting of Macraes gold mine in southern New Zealand (a) and the mine site (b). 
Two sites for irrigation trials are indicated: Site 1 waste rock water collected at a silt pond (bottom) and Site 2 
sump water from waste rock and tailings (top right). Generalised water compositions are indicated.

Figure 2 Evolution of waste rock water compositions over time, as measured by routine environmental 
monitoring at the silt pond below a waste rock stack (Fig. 1b; bottom). Modified from Weightman et al. 
(2020); alkalinity is presented as HCO3

-.
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were quantified with geochemical modelling 
and direct SEM observations of precipitates 
(Weightman et al. 2020).

Initial irrigation trials were set up to 
distribute water on to nearby agricultural 
land, to attempt to evaluate the best rates 
of application and potential effects on the 
pasture and downstream runoff (e.g., Fig. 3). 
Subsequently, full irrigation trials were carried 
out on larger areas of land and more detailed 
evaluation of chemical effects on pasture 
grasses, soil (0-30cm), and subsoil (40-60cm) 
was carried out. Standard vege tation and 
soil analyses were carried out by commercial 
laboratory, Hill-Labs, Hamilton New Zealand.

Initial water characterisation and 
irrigation trials
The waters are neutral-alkaline (pH 7.5-8.5) 
with high alkalinity, Ca and Mg, as well as 
high sulfate (Fig. 2,3). The waste rock water 
compositions have evolved rapidly with time 
to become progressively more concentrated 
(Fig. 2), and the waste rock & tailings seep 

waters have broadly similar compositions 
although Na contents are generally higher 
(300 mg/L) and pH is lower for the latter 
(Fig. 1b). The elevated sulfate concentrations 
arise because of oxidation of pyrite in the 
waste rocks and ore, and abundant calcite 
in these rocks ensures that any acidification 
is neutralised, with substantial increase in 
alkalinity (Fig. 2). 

Direct field observations showed that 
precipitation of aragonite (Ca-carbonate), 
with minor gypsum (Ca-sulfate) occurs at Site 
1 waste rock discharge area, and that epsomite 
(Mg-sulfate) also precipitates with further 
evaporation. At Site 2, the waste rock & tailings 
seep water precipitates epsomite and bloedite 
(Na-Mg-sulfate). Geochemical models predict 
that Ca-sulfate will precipitate from these 
water at pH <7. The soils of both sites have 
pH 5-7, so one aim of this project was to lower 
the pH of discharge waters by interaction 
with natural soil, to cause precipitation of Ca-
sulfate and this could potentially attenuate 
downstream sulfate concentrations. 

Figure 3 Drone view of initial irrigation trial at Site 2 using water seeping from waste rock and tailings 
(Fig. 1b). Water was discharged at ≈10 m spaced points from a pipe leading from the seep site, with discharge 
rate decreasing from left to right. Dark green strips are pasture grass with growth enhanced by water addition. 
Dark strips at discharge points are temporary pasture dieback on saturated soils.
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Initial irrigation trials distributed waters 
on to nearby pasture in a convenient and 
generalised way in order to evaluate the 
practicalities of irrigation and its short term 
effects on pasture (e.g., Fig. 3). Only minor 
soil gypsum was observed and instead Mg-
sulfate and Ca-carbonate was found more 
readily on evaporation surfaces. Runoff 
water from Site 2 irrigated with waste rock & 
tailings seep water had distinctly lower sulfate 
concentration (Fig. 3). Application rates at 
Site 1 irrigated with waste rock waters from 
the silt pond (Fig. 1b) were initially too high, 
and excess water ran into the nearby stream. 
This site also had thin soil on basement rock, 
further enhancing the rate of water runoff. 
Irrigated pasture had healthy, green plants in 
contrast to drought-affected adjacent pasture 
at both sites (Fig. 3).

Extended irrigation trials
Irrigation trials were extended using more 
standardised agricultural sprinkler irrigation 
techniques and realistic water application 
rates typical for wider region. Irrigation 
hardware consisted of a 4-pod 63 mm pipe, 
with 10 m pod spacing and stock protective 

guards. Installed water timers delivered 
3-4  mm water per day over a daily total 
of 1.5  –  3 hours. Daily irrigation operated 
alongside rain events. The water application 
rates used did not result in downstream runoff 
from Site 2 irrigated with waste & tailings 
water. However, some runoff re-occurred 
from Site 1 waste rock silt pond water.

Results showed no observed adverse 
effects on plants from sprinkler irrigation at 
the waste & tailings Site 2, nutrient contents 
of soil increased (Fig. 4a,d) and grass pasture 
species flourished in growth and biomass (Fig. 
5). At Site 1 waste rock silt pond irrigation, 
most pasture responded well to irrigation 
compared to control plots, and nutrients 
increased (Fig. 4a,b,d) but some water pooling 
during irrigation caused localised (square 
metre scale) pasture die back in late summer 
(Fig. 6). Ongoing observations at these die-
back spots showed foliage and soil surfaces 
covered in Ca-carbonate and iron precipitates 
as thin surface crusts. These minerals lasted 
through winter but became progressively less 
abundant. By the end of the trial, they had 
broken down and normal pasture regrowth 
was observed to be resuming. 

Figure 4 Soil chemical data for the two water types irrigated via agricultural sprinklers on to pasture over a 
22 month period. (a) Average sulfate S before and after irrigation, compared to nearby control plots. (b) and 
(c) Sulfate S contents over time, showing declines after summer (Dec-Feb) irrigation periods. (d) Average soil 
nitrate N before and after irrigation, compared to nearby control plots.
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Soil sulfate S and nitrate N contents 
increased substantially during the irri-
gation trials, although these nutrients de-
creased over time after irrigation ceased 
(Fig.  4a-d). The higher levels of S and N 
in the irrigated soils were typical of well-
fertilised agricultural pasture. Herbage S 
levels  slightly  exceeded typical agricultural 
values but N levels did not.

Conclusions
For Macraes Mine, the pilot trial successfully 
demonstrated an ideal decrease in sulfate 
and nitrate concentrations from source 
water to the subsoil environment (down 
to 60 cm). Losses of sulfate and nitrate are 
attributed to dilution, leaching, and plant-

microbial uptake for which some measured 
values of occurrence were obtained in the 
study. From an agricultural perspective, the 
input of dissolved sulfate and nitrate from 
mine water was shown to be plant-available 
and combined with an increase in seasonal 
soil moisture from irrigation, had a positive 
short-term benefit on grass growth and soil 
fertility reserves.

The Macraes Irrigation Project has the 
potential to be a win-win for the Mine and 
the local farming community. Alongside 
ongoing monitoring, controlled use of mine 
water for irrigation could provide farmers 
with much needed water and nutrients 
for pasture during dry periods. For the 
Mine, utilisation of mine water during post 

Figure 5 Abundant summer pasture growth in irrigated Site 2 below the waste & tailings seep site.

Figure 6 Summer pasture growth at Site 1 irrigated from the waste rock silt pond. Pale patches near the irrigation 
sprinkler developed from water ponding and Ca-carbonate and Fe oxyhydroxide precipitation on plant and soil 
surfaces. These mineral deposits waned over the following winter, and pasture re-grew in affected spots.
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operations converts a multi-million dollar 
legacy issue, into beneficial post-mining land 
use enhancement.
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Abstract
The Odiel River is an extreme example of a watercourse intensively affected by acid 
mine drainage (AMD) due to historical mining in its catchment. The environmental 
regulations require the recovery of original conditions. However, a deep knowledge 
of metal loadings and the relative contribution of each AMD source is required to 
prioritize restoration measures in the catchment and assure the cost-effectiveness of the 
investment. Therefore, high-resolution sampling of the main AMD sources of the Odiel 
River was performed during high flow conditions and a geochemical model with the 
PHREEQC code was used to analyze the effect of restoration measures on selected areas 
of the catchment. The results obtained identified the Agrio River as the main pollutant 
contributor to the Odiel River. The modelling suggests that implementation of passive 
water treatment in low-flow AMD sources could contribute to the restoration of long 
lengths of currently polluted streams. 
Keywords: Geochemical Modelling, Restoration Measures, Disperse Alkaline 
Substrate, Metal Pollution

Introduction 
The Odiel River (SW Spain) is one of the 
main water courses draining the Iberian 
Pyrite Belt (IPB), with a drainage area of 
2330 km2 and a fluvial network of 1149 km 
but suffers from chronic AMD in 37% of the 
watershed due to historical mining activities. 
The Odiel River basin is mainly composed 
of three different sub-basins: Odiel basin, 
Oraque basin and Meca basin, all of which 
are affected by acid mine drainage (AMD) 
(Sarmiento et al., 2009). As a result, pH values 
below 4 and high concentrations of sulphate 
and metals characterize the main course of 
the river during the whole year. Owing to 
these extreme conditions, the Odiel River 
does not meet the requirements established 
by the European Water Framework Directive 
(WFD), and the deadline to reach a good 
water quality status in this water body has 
been extended until 2027. However, due 

to the severity and longevity of the AMD 
processes in the catchment, this achievement 
is currently unaffordable and urgent 
measures are needed. A deep knowledge of 
metal loadings and relative contribution of 
each AMD source is required to prioritize 
restoration measurements in the catchment 
and assure the cost-effectiveness of the 
investment. This is of paramount importance 
at mine sites characterized by diffuse 
sources with a complex response to variable 
hydrological conditions. This challenging 
situation is aggravated by the urgent need 
water for human consumption in this area, 
which led to the construction of a reservoir in 
the junction of the Odiel and Oraque rivers. 
The building of this water infrastructure 
was interrupted, but is now planned to 
continue despite serious doubts of the final 
water quality of the stored waters (Olías et 
al., 2011). Therefore, the main goals of this 
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study were to determine the metal loadings 
and relative contribution of each AMD 
source and to build a geochemical model 
to predict the water quality and analyze the 
likely effectiveness of restoration measures on 
selected areas of the catchment.

Methods
A synoptic sampling during high flow 
conditions (January 2022) was performed 
in the Odiel River basin, collecting samples 
from the main AMD sources and streams. 
Samples were filtered through 0.45 µm and 
acidified to pH <2 with ultrapure nitric acid 
before chemical determinations. Different 
physico-chemical parameters such as pH, 
electrical conductivity (EC), redox potential 
(ORP) and temperature were measured in situ 
using a previously calibrated Crison MM40+ 
portable multimeter. Measured ORP values 
were referenced to the standard hydrogen 
electrode (Eh) according to Nordstrom and 
Wilde (1998). Two different devices were 
used for AMD-affected and -non-affected 
waters to avoid contamination of the probes. 
In the case of waters with pH > 4.5, alkalinity 
was also measured using Titrets kits. Then, 
samples were preserved at 4 °C before analysis 

by inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) for major ele-
ments and by inductively coupled plasma-
mass spectroscopy (ICP-MS) for trace 
elements. The flow rates (Q) were estimated 
by determining the channel section and the 
velocity of water with a flowmeter (FP111 
Global flow probe). The bucket method was 
used in the case of irregular channels and low 
discharge. Instantaneous metal loadings were 
estimated multiplying metal concentration at 
each point by its correspondent flow rate.

A geochemical model was also performed 
on data at high flow conditions using the 
PHREEQC code v3.14 (Parkhurst and Appelo, 
2013) and the Wateq4f database enhanced 
with thermodynamic data for schwertmannite 
from Bigham et al. (1996). The model is based 
on successive mixing of tributaries across the 
catchment, using the MIX command that 
allows mixing two different aqueous solutions 
while fixing the mix ratios. For each mix, an 
equilibrium boundary is imposed based on 
experimental data. Thus, equilibrium with Fe 
and Al mineral phases (i.e. schwertmannite 
and basaluminite), typical of this environment 
(e.g, Sanchez-España et al., 2011) was 
established using the equilibrium_phases 

Figure 1 Odiel River maps indicating the modeled confluence points. The colors indicate the affection degree 
of river courses (blue: not affected; yellow: slightly affected by AMD; orange: affected; red: severely affected).
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command. This equilibrium was also extended 
to atmospheric gases in well-oxygenated 
waters. The different tributaries will be mixed 
downstream, achieving a general model of the 
watershed. For validation purposes, measured 
and modeled values for selected samples were 
compared. Once validated, a new model was 
built considering the partial (50%) or total 
reduction (100%) in pollution of the main 
AMD contributors of the Odiel River.

Results and Discussion
The results obtained during the study 
period indicate the high level of pollution 
of the Odiel River, with minimum values of 
pH along the watershed of 2.21 and metal 
concentrations of up to 3200 mg/L of Fe, 1540 
mg/L of Al, 1160 mg/L of Zn, 179 mg/L of Cu, 
4.4 mg/L of As, 1.74 mg/L of Cd or 0.47 mg/L 
of Pb. Although the year was not especially 
rainy, the high flows observed in the river 
led to the transport of high loads of metals 
to the Odiel River main course. For example, 
122 kg/h of Al, 104 kg/h of Fe, 28 kg/h of 
Zn, 11 kg/h of Cu, 70 g/h of As and 8.0 g/h 
of Pb were transported from the main AMD 
sources to the river. Considering the main 
contributors to the river, the Agrio River, 
which deteriorate the Odiel river quality at 
OD2 (Fig. 1) stands out with the transport of 
around 63% of Cd, 60% of Al, 57% of Cu, and 
46% of Zn. It is striking the low contribution 
of this AMD source with respect to Fe 
(25%), Pb (22%), and As (0.02%), which is 

related to the natural attenuation processes 
that cause the precipitation of Fe minerals 
and the co-precipitation and sorption of 
trace metals (Sánchez-España et al., 2011), 
while other more conservative elements 
remain in solution. It is worth noting that 
the sampling site is some km downstream of 
the Riotinto mining district, enhancing these 
natural processes. Other important metal 
contributors are the Aguas Agrias Creek and 
San Telmo mine transporting about 28% and 
6% of the Fe, 17% and 1% of the As, 15% and 
8% of the Zn, 10% and 6% of the Cu, 9% and 
6% of the Al, and 12% and 6% of the Pb. The 
Meca River, which collect some of the AMD 
from the Tharsis mine, the second-most 
important in the IPB, constitutes another 
important source of pollutants to the river, 
contributing about 17% of the Zn, 13% of 
the Cu, 12% of the Pb, 22% of the Fe, 12% of 
the Al, and 58% of the As. However, in the 
case of the Meca River, most of these metals 
reach the Sancho Reservoir, where it may 
be trapped in the sediments (Cánovas et al. 
2015). Therefore, from a practical point of 
view, it seems logical to focus the remediation 
actions to the Agrio River, Aguas Agrias 
Creek, and AMD from the San Telmo mine.

Regarding the geochemical model, 
comparing the modeled and measured values 
of Al and S (Fig. 3) revealed some deviations 
in those samples where the pH was > 4, where 
basaluminite precipitation starts. These 
differences, ranging from maximum values of 

Figure 2 Metal loadings from AMD sources to the Odiel River during the study period.
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15% for Al and 40% for S, are attributed to 
the input of diffuse sources between sampling 
points and kinetic factors during the 
precipitation of basaluminite. The deviations 
observed for Fe are attributed to precipitation 
of . However, similar values were observed 
for modeled and measured concentrations 
for more conservative elements such as Mg, 
Na, and Cl.

Subsequently, the model was built 
assuming AMD abatement from the main 
AMD sources. In this sense, remediation 
of these AMD sources would lead to the 
improvement of the water quality, with a 
noticeable decrease in metal concentrations. 
A total reduction of AMD pollution from 
these sources would lower the concentrations 
of Fe, Al, and S would be reduced in around 
98.6%, 99.8%, and 82.8%. On the other hand, 
the pH did not increase significantly (up to a 
value of 4.6), despite reducing the total load 
of metals from the main AMD contributors. 
This highlights the importance of the low-
flow AMD sources, the net acidity of which 
may affect the water quality of the river. The 

remediation of these metal-rich and low-flow 
mining effluents can be approached by the 
settling of passive treatment systems, based 
on using a dispersed alkaline substrate (DAS), 
which has been successfully applied to metal-
rich AMDs worldwide (Macías et al., 2017).

Conclusions
The Agrio River, which collects the AMD 
from the Riotinto mines, is the main metal 
contributor to the Odiel River, followed by the 
Aguas Agrias Creek and the San Telmo mine. 
According to the predictive geochemical 
model, even total remediation of these AMD 
sources would not cause good chemical water 
quality status in the Odiel River. Some other 
additional remediation of low-flow AMD 
sources must be applied. The implementation 
of passive treatment systems based on 
DAS technology has been effective in water 
quality amelioration worldwide, and could 
be an additional tool to recover the original 
conditions of the river. The starting of some 
of the IPB’s largest mining operations could 
improve the environmental situation of the 

Figure 3 Comparison between modeled and measured values in the study period.
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Odiel River watershed due to the assumption 
of past environmental liabilities by operating 
mining companies. The results obtained in 
this study will contribute notably to future 
restoration and help restore other catchments 
affected by mining worldwide.
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Abstract
Araren open-pit mine is the primary pit that produces gold in Toka Tindung, North 
Sulawesi, Indonesia. The mine produces hot water, with the water discharge in the pit 
of up to 0.42 m3/s. Wells were drilled and equipped with electric submersible pumps 
(ESPs) to discharge the hot groundwater before it reaches the pit. The use of a dual 
ESP system was recommended to increase the dewatering system’s discharge capacity 
without drilling any new wells. The dual ESP system uses a Y-tool connected to the 
production tubing which enabled two ESP strings to be installed in one well and run 
simultaneously.  

Successful Installation of Indonesia’s First Dual Electric 
Submersible Pump System for Dewatering Applications

Albert Ryanta1, Muhammad Nur Wangsa Saputra1, Marco Senduk2, Dhoni Anggoro2, 
Ibnu Husodo1

1PT Schlumberger Geophysics Nusantara, Wisma Mulia (Suite 4301), South Jakarta 12710, Indonesia 
2PT. Archi Indonesia, Menara Rajawali, 19th Floor, South Jakarta 12950, Indonesia

Introduction 
Water Properties
The mature hot groundwater in Araren pit 
comes from a geothermal reservoir in which 
the fluid is mostly in the water phase, not 
the gas phase. Lateral groundwater flow is 
more dominant than the upward flow of 
deep geothermal gas. Gas and high-pressure 
water do not flow to the pit, but hot water 
continues flowing to this zone from the lateral 
groundwater flow.

A simplified schematic model of the hot 
groundwater discharge in Araren pit is shown 
in Figure 1. The geothermal fluids may contain 
a small quantity of gas, such as hydrogen 
sulfide (H2S). Maximum temperature of the 
hot water can reach 373  K at certain depths 
and zones.

High Dewatering Rate
A pumping test and a physical-chemical 
groundwater properties assessment were 
conducted. A drawdown test was performed 
to determine the value of well/aquifer loss. 
The constant drawdown test was conducted 
in 24 hours using a 0.058 m3/s discharge 
rate and resulted in a groundwater level 
decrease of 12 m (117 kPa drawdown) from 
the initial groundwater level. These data 
were used to generate inflow from the water 
reservoir (Figure2) using the Darcy method 
(Schweizer 2015). 

Groundwater flow modeling was built 
using geological and hydrological data, and 
some assumptions were made as a result 
of limitations in the hydrogeological data. 
The model was constructed using Araren 

Figure 1 Araren Pit Hot Groundwater Discharge Schematic Model.
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Figure 2 Araren Pit Well Aquifer Inflow Performance.
 

Figure 3 Araren Pit Permeability Model.

 

pit as the model boundary (Fajana 2020). A 
detailed conceptual model of this study is 
shown in Figure 3.

Water-Well Drilling Following Ground-
water Path
Outside-pit dewatering is intended to prevent 
an influx of shallow groundwater into the 
pit. A vertical borehole is drilled to pump 
the groundwater before it reaches Araren 
pit, to decrease the quantity of groundwater 
in the pit. On the basis of groundwater 

modeling to predict the hot groundwater 
pumping required in Araren pit (Figure 4), 
the total discharge required to decrease the 
groundwater table is 0.42 m3/s. The discharge 
is handled by seven pump units, with a 
discharge rate of approximately 0.06 m3/s  
per pump. Pump unit should be installed 
at a depth of 200 m, with a minimum well 
diameter of 356 mm (14 in).

Project Solution
Artificial Lift: ESPs for Highly Efficient, 
High-Rate Production
Because of the required discharge rate of 
approximately 0.06 m3/s per well and because 
the available power source is electrical power, 
ESPs were the most suitable artificial lift 
option (Clegg et al. 1993). ESPs were also 
selected because they meet the operational 
temperature requirements; temperatures of as 
much as 373  K were expected (Schlumberger 
2011). Table 1 shows the ESP general 
specifications (Schlumberger 2017). 

Typical ESP strings comprise the following 
equipment: from top to bottom, a centrifugal 
pump, intake, protector section, and electric 
induction motor (Figure 5).
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Figure 4 Araren Pit Groundwater Flow Modeling.
 

Initial ESP Design for Araren Pit Wells
The well and fluid reference data used to 
design the ESP are summarized in Table 2.

Pump setting depth was set at 260 m to 
maintain the fluid level above the pump 
during production at approximately 123 m 
and provide sufficient liquid pressure at the 
ESP intake. This application required high-
rate ESPs and was completed with variable 
speed drive and a downhole sensor for 
optimization (Giden et al. 2017).

A 171.5-mm centrifugal pump was 
selected on the basis of the target rate 
(up to 0.048 m3/s) and well casing size  
(273 mm). After the pump type was selected 
and the number of stages was calculated,  
20 pump stages were selected to accommodate 
the pump depth and the required rate. 
After calculating ESP sizing, ESP material 

Table 1 ESP general specifications.

Parameter Value

Discharge rate 200–96,000 BLPD (0.00036–0.177 m3/s) 

Operational temperature Up to 477 K for standard applications and up to 573 K for high-temperature applications

Corrosion resistance Available for H2S and CO2 environments

Well casing size 114 mm to 346 mm (4.5” to 13.625 “)

Figure 5 Typical ESP Equipment.
 

Table 2 Araren pit well and fluid reference data for ESP design.

Parameter Value

Target discharge rate 0.042 m3/s

Fluid gravity 1000 kg/m3

Inflow performance Static reservoir pressure of 1469 kPa, well flowing pressure of 1379 kPa, discharge rate at well 
flowing pressure of 0.043 m3/s

Reservoir/production zone 
depth

280 m

Reservoir temperature 373 K

Tubing type and size 114 mm (4.5 in)

Casing size 273 mm (10.75 in)

Power source 360 V, 50 Hz
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was selected on the basis of well-fluid 
properties and temperature. Optimal pump 
specifications (Table 3) were selected after 
reviewing a successful ESP application in 
India that provided a 0.1 m3/s discharge 
rate with dissolved carbon dioxide, oxygen, 
chlorides, and sulfate-reducing bacteria in 
the water (Jha et al. 2012). 

Dual ESP for High-Rate Production
As mining activity increased, a greater 
discharge rate than the initial rate was 
required. Because an ESP had been previously 
installed in the well, an approach using an 
additional ESP in the well was studied. Because 
the use of a dual ESP results in a greater total 
pump diameter, a smaller pump was studied 
for installation with the initial ESP. Using a 
Y-tool and a smaller pump would be required 
to install a dual ESP, which would provide a 
greater discharge rate than that of a single 
pump (Rizza et al. 2017). The Y-tool acts as 
a branch to connect the two pumps. Because 
installing two pumps side by side would create 

Table 3 Specifications for the dual ESP installed in the well.

Selection Parameters Bottom ESP Top ESP Remarks

Pump type 20-stage centrifugal pump 27-stage centrifugal pump Operating range from 0.03 to 0.048 m3/s

Available pumphead 250–370 m 209–385 m Pumphead should be greater than 
required head 

Pump outside diameter 171.5 mm (6.75”) 143 mm (5.62”) Should be smaller than well casing 
diameter

Stages material Ni-resist cast iron Ni-resist cast iron Suitable for mildly abrasive environment

Pump bearing Abrasive-resistant zirconia Abrasive-resistant zirconia Suitable for mildly abrasive environment

Required power 156–164 kW 160–168 kW Motor sizing must be greater than 
required power

Elastomer Highly saturated nitrile Fluoroelastomer Suitable for fluid temperatures up to 
450 K

Pump shaft material 30 mm (1.18 in) 30 mm (1.18 in) High-strength shaft rated for 587–919 
kW

Housing material Carbon steel Carbon steel Suitable for mildly corrosive 
environment

Table 4 Summary of ESP strings installed in the well.

Discharge Rate 
Design (m3/s)

Pump Protector Motor Cable

Bottom ESP 0.042 171.5-mm pump, 
20 stages

Modular bag and 
labyrinth

223 kW, 477 K rated 42-mm2 conductor size, lead 
barrier, and stainless steel 

armor

Top ESP 0.046 143-mm pump, 
27 stages

Modular bag and 
labyrinth

223 kW, 477 K rated 42-mm2 conductor size, lead 
barrier and stainless steel 

armor

a larger cumulative outside diameter than the 
well casing size, an approach stacking two 
sets of ESPs was studied. An 89-mm bypass 
tubing was installed in parallel with the top 
pump and acts as an extended connection 
for the bottom pump. Pump specifications 
for the top and bottom ESPs are provided 
in Table 3. A summary of the installed ESPs 
is provided in Table 4. Details regarding the 
dual ESP design are shown inFigure 6.  

Results
To determine the performance of the dual ESP, 
the discharge rate, power use, and well flowing 
pressure were measured and compared to 
the initial targets (Table 5). Data gathered in 
September 2021 showed that the dual ESP’s 
working as per design. The intake-pressure 
data shows that the actual intake pressure was 
greater than the simulated intake-pressure 
data, demonstrating that the actual inflow was 
greater than the surveyed inflow. 
However, it was measured that the cumulative 
discharge rate was 6.82% less than the 
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Figure 6 Dual ESP String Configuration.
 

Table 5 Comparison of dual ESP design and actual results.

ESP Average Discharge Rate (m3/s) Average Power Use (kVA) Intake Pressure (kPa

Design Actual Deviation Design Actual Deviation Design Actual Deviation

Bottom ESP 0.042 0.039 −7.14% 261 235.95 −9.60% 1055 1151 9.15%

Top ESP 0.046 0.043 −6.52% 259 260.6 0.62% 883 1062 20.31%

Cumulative 0.088 0.082 −6.82% 520 496.55 −4.51%

designed rate, with the power usage 4.51% 
less than the designed use. The difference 
between the design and the actual result was 
hypothetically caused by friction loss inside 
the tubing and the Y-tool. Increased pressure 
in the surface flowline and tubinghead also 
occurred, in addition to an increase in the 
discharge rate. As the discharge rate increases, 
a larger production tubing size in the well 
will be required to maximize the potential 
discharge rate of the ESP per the design. To 
support deeper mining activity, a greater ESP 

discharge rate or dual ESP deployment should 
be considered for future ESP installations 
in other wells. The plan for well drilling in 
the area should also be reviewed to support 
further pit and mining activity development.

Conclusion
The dual ESP successfully generated the 
designed discharge rate to support the pit 
dewatering project. Because of the wide 
selection of ESPs available, a dual ESP 
design can be used to meet any discharge 
rate required in limited well casing sizes by 
using two pumps that run simultaneously 
and are connected using a Y-tool. Additional 
ESP accessories installed in downhole 
and surface equipment can help operators 
modify available ESP assets to match the 
ESP application design. In this study, the 
successful deployment of a dual ESP in a 
single well demonstrates the maturity of 
integration between ESP technology, ESP 
design, and service execution to fulfill 
required engineering services 

References
Clegg JD, Bucaram SM, Hein, Jr NW (1993) 

Recommendations and comparisons for 
selecting artificial-lift methods(includes 
associated papers 28645 and 29092 ). J Pet 
Technol 45(12): 1128–1167, doi: 10.2118/24834-
PA

Fajana AO (2020) Groundwater aquifer potential 
using electrical resistivity method and porosity 
calculation: a case study. NRIAG Journal of 
Astronomy and Geophysics, 9(1):168–175, doi: 
10.1080/20909977.2020.1728955

Giden I, Kometer B, Buerssner P, Lobianco L 
(2017) Re-development of an onshore mature 
oil field to double gross production by the 
use of sensor-equipped electrical submersible 
pumps. SPE Europec, 79th EAGE Conference 
and Exhibition, Paris, France, 12–15 June, doi: 
10.2118/185870-MS



IMWA 2022 – "Reconnect" 

438 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Jha M, Singh R, Chavan C, Karthik R, Simpson A, 
Sudharshana J (2012) High rate ESP application 
in onshore Rajasthan fields:  case study. SPE 
Artificial Lift Conference and Exhibition, 
Manama, Bahrain, 27–28 November, doi:doi.
org/10.2118/163117-MS

Rizza G, Luppina S, Bucci A, Rinaldi F, Ogidi 
M, Legname R, Cappuccio P, Sgambati A, 
Gonzalez Zamora M, Valente A (2017) 
Successful installation of the first dual ESP 
completion system in Val D’Agri Field. Offshore 
Mediterranean Conference and Exhibition, 
Ravenna, Italy, 29–31 March

Schlumberger (2011). REDA hotline high-
temperature ESP systems. Schlumberger. 
https://www.slb.com/-/media/files/al/brochure/
hotline-br.ashx. Accessed 19 August 2022

Schlumberger (2017). REDA High-Efficiency 
Pumps. Schlumberger. https://www.slb.com/-/
media/files/al/product-sheet/high-efficiency-
pumps-ps.ashx. Accessed 19 August 2022

Schweizer B (2015) Darcy’s law and 
groundwater flow modelling. Snapshots of 
modern mathematics from Oberwolfach, 
Mathematisches Forschungsinstitut 
Oberwolfach. doi:10.14760/SNAP-2015-007-
EN. Accessed 19 August 2022



439Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)
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Abstract
Processing of zinc/lead/silver ore started in Åmmeberg, Sweden, in 1860 and ceased 
in 1977. Water from the operation was discharged into a northern part of Lake Vättern 
called Kärrafjärden. Mesocosm experiments were performed on sediment cores 
sampled at the same five locations in 1976, 1993 and 2017 close to the mining operation. 
Experiments were performed in the same way as the original experiment in 1976 to 
determine the release rates of zinc as a function of time. In 2017 the release rates were in 
the range 0.18–1.5 for zinc, 0.00021–0.0015 for cadmium and 0.00098–0.016 mg/(d m2) 
for lead with the highest rates closest to the historical mining site.

Most of the reduction in release rates occurred between 1976 and 1993, while the 
difference between 1993 and 2017 was lower. This indicates that the release of zinc from 
the historical site is continuing, albeit at a substantially lower rate compared to 1976. It 
can also be concluded that this type of experiments can assist in understanding the mass 
transfer of trace elements from sediments to surface waters.
Keywords: Mining, Leaching, Sediments, Trace Elements, Release, Mass Transfer

Introduction 
Sediments impacted by historical mining 
operations can be an important secondary 
source for trace elements through different 
redistribution mechanisms (Ciszewski et al. 
2012). It is important to understand what 
happens with trace elements in sediments 
when mining operations cease as this will 
increase the understanding about the possible 
future environmental impact.

Processing of zinc/lead/silver ore started 
in Åmmeberg, Sweden, in 1860 and operation 
ceased in 1977. During that period several 
different methods were used to process and 
enrich the ore; from mechanical treatment 
to more modern flotation. Water from the 
operation was discharged into a northern 
part of Lake Vättern called Kärrafjärden.

Sediments downstream Åmmeberg are 
contaminated with trace elements (primarily 
lead, zinc and cadmium) to a varying degree. 
Different external factors can affect the 
chemistry in the sediments and thus increase 
the mobility of the trace elements. Several 

different leaching schemes for laboratory 
studies have been suggested to determine 
leachability of trace elements from sediments 
(Guo et al. 1997; Ciszewski et al. 2012; Cai et 
al. 2021). They are all, more or less, suffering 
from the drawback that the obtained results 
are difficult to translate into real world 
leachability. The purpose of the present 
investigation is to estimate the amount of 
trace elements (primarily zinc, lead and 
cadmium) that are being released from the 
sediments by determining the current release 
rates. Identical investigations were performed 
at the same sampling sites in 1976 (Borg et 
al. 1977) and 1993 (Göthberg et al. 1993), 
allowing the study of changes in the release 
rates since the operation closed in 1977.

Methods
During the spring 2017 sediment cores were 
retrieved from 5 stations in the northern 
part of Lake Vättern (the second largest 
lake in Sweden) (fig. 1). Two replicates 
were retrieved from all stations and all 10 
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sediment cores were transported undisturbed 
to the laboratory and stored in a cold room. 
Dilution water for the mesocosm leaching 
experiments was collected in the northern 
part of the lake approximately 10 km from the 
sampling stations. This water has the same 
basic water chemistry as the water above the 
sediment cores, but with lower trace elements 
concentrations.

Mesocosm experiments were performed 
on sediment cores sampled in 2017 at the 
same five locations as in 1976 and 1993 close 
to the mining operation. Experiments were 
performed in the same way as the original 
experiment in 1976 to determine the release 
rates of cadmium, lead, sulfate and zinc as a 
function of time.

Mesocosm experiments were initiated 
by removing the original water from the 
sediment cores and gently adding 1 L 
dilution water instead. Mesocosm release rate 

experiments were performed in duplicates 
at +8  °C. Lake water (dilution water) above 
the sediment surface was aerated slowly and 
samples were withdrawn after 1, 4, 11, 18, 
33, 47, 62, 77 and 110 days and analysed for 
pH, sulfate and elements. At every sampling 
occasion 200 mL water was retrieved and 
replaced with fresh dilution water.

After the initial leaching period (110 
days) the top organic sediment layer (approx. 
0.5–1 cm) was removed from all sediment 
cores. The water was also replaced with fresh 
dilution water and the leaching experiments 
carried on for an additional 59 days. Samples 
were retrieved from the water (200 mL) after 
4, 11, 18, 31 and 59 days in the same way as 
during the initial period. The purpose with the 
second leaching period is to study the release 
rates from the sediments without the presence 
of the surficial organic top layer. The removed 
top layer of the sediment cores was analysed 

Figure 1 Illustration showing the sampling stations in 1976, 1993 and 2017 (green dots) in the northern part 
of Lake Vättern, Sweden. Discharge from the operation is just north of station 3 (green dot).
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for total trace element concentrations as 
well as for carbon and sulfur. In 1976 only 
a few elements were analysed and only zinc 
concentrations are thus reported here.

Results and discussion
When it comes to the total concentrations in 
the top layer of the sediment cores (0–1 cm) it 

is clear that the concentrations have decreased 
since 1976 and 1993 (tab. 1 and fig. 2).

It is also clear that the decrease in con-
centrations since 1993 is relatively modest 
at some stations considering the high initial 
concentrations. This indicates that either there 
is a source for trace elements to the sediments 
or that there are relevant redistribution 

Pb Cd Zn Sulfur Carbon

mg/kg dw mg/kg dw mg/kg dw % %

1a 5 070 19.0 7 690 0.34 6.38

1b 4 930 18.7 7 300 0.28 6.00

2a 4 710 24.4 12 000 0.64 5.91

2b 4 710 25.0 12 000 0.57 5.88

3a 5 230 24.1 14 300 0.78 6.72

3b 5 420 24.0 14 300 0.93 6.58

4a 6 800 20.1 14 700 0.19 5.22

4b 6 970 20.7 14 800 0.26 5.32

5a 820 11.6 2 890 0.15 4.14

5b 810 11.6 2 800 0.15 3.89

Table 1 Total concentrations (mg/kg dw) for lead, cadmium, zinc, sulfur and carbon in 2017. a and b are 
replicates from the same sampling station. Station 3 is closest to the discharge point from the mining operation.

Figure 2 Total concentrations (n = 2) of zinc (mg/kg dw) in the top layer (0–1 cm) of the sediments in 1976, 
1993 and 2017.
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processes going on in the sediments. Total 
concentrations for cadmium, lead and sulfur 
can be found in tab. 1.

In fig. 3 the zinc concentrations (μg/L) 
measured in the water above the sediment 
cores during the mesocosm experiments can 
be found. From the measurements the release 
rates in mg/(d m2) have been calculated.

In 2017 the release rates were in the 
range 0.18–1.5 for zinc, 0.00021–0.0015 for 
cadmium and 0.00098–0.016 mg/(d  m2) 
for lead with the highest rates closest to the 
historical mining site.

Calculated release rates (mg/(d m2)) for the 
initial 110 days are presented in tab. 2 below. 
The release rate is highest for zinc followed by 
lead. If you compare the release rates with the 
total concentrations all trace elements have 
roughly the same release rates, except for lead 
where the average release rate is approximately 
75 times lower compared to zinc.

It is also clear that the highest release rates 
for zinc are still found closest to the old mining 
operation (2, 3 and 4). The highest release 
rates for sulfate are found at stations 1-3, with 
somewhat lower release rates at stations 3 and 

4. Even though the total concentrations have 
not decreased dramatically since 1976 the 
release rates have decreased (fig. 4).

When the surficial organic sediments 
were removed after 110 days the release rates 
changes for some of the trace elements (tab. 3).

For the most interesting trace elements 
the release rates increase when the surficial 
sediments are removed (tab. 3). For lead, 
cadmium and zinc the average increase in 
release rates are +176%, +148% and +113%, 
respectively.

For sulfate the release decreases at station 
1, while it increases at stations 2 and 3 and 
is roughly the same for stations 4 and 5. This 
indicate that there are oxidizable sulfides in 
the upper parts of the sediment cores.

The different sampling stations are 
assumed to represent different parts of the 
lake with different areas. By multiplying 
the area for each sampling station with the 
corresponding release rate a yearly amount 
released can be calculated. Considering the 
area of the different parts of the lake close to 
the historical mining site it was found that the 
release of zinc had decreased from 7.3 t/a in 

Figure 3 Concentrations of zinc (μg/L) in all 10 systems. Day 0 is the original water. Note that at day 110 
the surficial sediments were removed. Average zinc concentration in the dilution water was 2.4 μg/L (n 13).
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1976 to 1.8  t/a in 2017 (75% reduction). In 
substantially larger areas further away from 
the site the release of zinc hade decreased 
from 6.6 t/a in 1976 to 0.69 t/a in 2017 (90% 
reduction). Redistribution of zinc from the 
sediments thus partly explain missing pieces 
of the larger zinc mass balance budget for the 
entire area.

Conclusions
From the mesocosm experiments it is clear 
that both the total concentrations and 
the release rates have decreased since the 
operations ceased, indicating that released 
trace elements get buried in the sediments 
with time. Most of the reduction in release 

rates occurred between 1976 and 1993, 
while the difference between 1993 and 2017 
is lower. In some cases, close to the site of 
the mining operation, the release rates had 
even increased somewhat. This indicates that 
the release of zinc from the historical site is 
continuing, albeit at a substantially lower rate 
compared to 1976. It can also be concluded 
that this type of experiments can assist in 
understanding the mass transfer of trace 
elements from sediments to surface waters.
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Pb Cd Zn Sulfate

mg/(d m2) mg/(d m2) mg/(d m2) mg/(d m2)

1a 0.0068 0.00086 0.73 597

1b 0.0082 0.0013 0.63

2a 0.016 0.0011 1.36 350

2b 0.0074 0.0012 1.51

3a 0.0031 0.00015 0.41 331

3b 0.0040 0.00038 1.19

4a 0.0021 0.00093 0.69 256

4b 0.0077 0.0015 1.26

5a 0.00098 0.00021 0.18 209

5b 0.0019 0.00022 0.30

Table 2 Release rates (mg/(d m2)) for lead, cadmium, zinc and sulfate during the first 110 days in 2017. a and 
b are replicates from the same sampling station.

Pb Cd Zn Sulfate

mg/(d m2) mg/(d m2) mg/(d m2) mg/(d m2)

1a 0.016 0.0013 1.09 444

1b 0.022 0.0028 1.41

2a 0.042 0.0026 2.84 400

2b 0.012 0.0012 3.65

3a 0.024 0.0010 1.98 407

3b 0.015 0.0013 3.00

4a 0.0097 0.0024 1.57 251

4b 0.0084 0.0019 1.49

5a 0.0015 0.00091 0.58 201

5b 0.0031 0.00027 0.32

Table 3 Release rates (mg/(d m2)) for lead, cadmium, zinc and sulfate after removal of the surficial sediments 
(day 110–169). a and b are replicates from the same sampling station.
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Abstract
BHP Mitsubishi Alliance’s (BMA) Central Region metallurgical coal mines (comprised 
of Caval Ridge, Peak Downs, Saraji and Saraji South Mines) in Queensland, Australia, 
store mine affected water (MAW) in water storage dams and dormant mine pits onsite. 
When available local storage is exceeded, MAW is pumped via the Central Region 
pipeline and stored at Saraji South Mine. 

One of the most significant risks to production at these mines is a dry climate result-
ing in water supply shortfall. Applying iterative analysis between Mine Water Balance 
modelling and infrastructure design, a range of alternatives were analysed to identify a 
preferred solution that addresses inter-annual climatic variability. Climate change im-
pacts were also considered as part of the assessment.
This paper describes the methodology applied to determine a preferred solution.
Keywords: Goldsim, Pipeline, Reuse, Metallurgical coal

Central Region Water Resilience Project - Sustaining 
Production in a Changing Climate 

Tim Saxby1, Sarah Buckley2

11 Principal Studies, Coal Asset Projects, BHP, 480 Queen Street, Brisbane Qld Australia
2Principal Water Planning, Coal Technical Services, BHP, 480 Queen Street, Brisbane Qld Australia 

Context – Existing Situation and  
Observed Environmental Changes  
BMA’s Central Region mines comprises 
Caval Ridge Mine (CVM), Peak Downs 
Mine (PDM), Saraji Mine (SRM) and 
Saraji South Mine (SSM). Stored mine 
affected water (MAW) enables coal mining 
and processing activities. MAW is the 
predominant source of water for these 
mines, generally supplying over 80% of all 
water demand through recycling, thereby 
minimising demand on other sources. The 
storage of MAW allows for management of 
water supply over the highly variable climate 
in the Bowen Basin.   Where required, 
MAW is supplemented with water supplied 
from Bingegang Weir on the Mackenzie 
River (via BMA’s Bingegang Pipeline) for 
PDM, SRM and SSM, and Burdekin Dam 
(via the Burdekin (Sunwater) and Western 
Corridor (BMA) Pipelines) for CVM.

At the commencement of the Study 
(December 2019), the Central Region mines 
held approximately 47,000 ML of inventory, 
with the majority held at SSM. The SSM mine 
plan proposed the return to production for 
a number of dormant pits used as MAW 

storages. With a reduction in MAW inventory, 
and with dormant pits returned to mining, 
alternative supply and storage was required 
to ensure the mines are climatically resilient 
and production is sustained both in wet and 
dry years. 

Preliminary investigations were completed 
to determine whether water could be sourced 
from other offsite sources. Additional high 
security allocations cannot be secured from 
the Nogoa-Mackenzie river system (which 
supplies SRM, PDM & SSM via the Bingegang 
Pipeline, and BMA’s Blackwater Mine (BWM)) 
as the system is fully allocated. During the 
2017-19 drought, high security allocations 
came within months of being reduced to 
50% of their annual totals due to the low 
storage levels in the upstream Fairbairn Dam. 
The ongoing reliability of this water source 
represents a significant risk during droughts 
with this risk identified as having potential 
to be increased as a result of climate change. 
Extensive infrastructure upgrades of the 
Bingegang Pipeline (over 120km of pipelines 
and multiple pump stations) would also be 
required to convey water from this source to 
the PDM point of demand. 
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BHP’s Water Stewardship position is 
to support the United Nations Sustainable 
Development goal of a ‘water secure’ world by 
2030.   Decisions that minimise sourcing water 
supply from other offsite sources (dams, other 
surface water supplies and the environment) 
aligns with BHP’s Water Stewardship position. 

The study focussed on how existing MAW 
could be reused and production sustained 
whilst minimising water sourced from offsite 
sources in the face of a drying climate.

Approach: Study Method Overview
The study was staged as follows:
• Stage 1: Alternative Validation
• Stage 2: Trade Off Multi-Criteria 

Assessment
• Stage 3: Preferred Alternative Optimisa-

tion and Engineering

Throughout each stage, iterative analysis 
was applied between Mine Water Balance 
modelling (informing the water resilience 
benefits from specific alternatives and 
capacities) and engineering infrastructure 
design supported by cost estimates, to permit 
comparison between alternatives. A range 
of capacities were evaluated to identify the 
preferred solution that sustained production 
and reduced the risk presented by inter-
annual climatic variability and predicted 
climate change.

The alternatives were assessed in Stage 
1 and 2 against a range of qualitative 
(environmental, social, closure, community) 
and quantitative (capital and operational 
cost, production benefits), with an overriding 
screening criteria of climatic resilience. Once 
a preferred alternative was identified at the 
end of Stage 2, capacity optimisation and 
engineering was undertaken. All alternatives 
were compared against Business as Usual 
(BAU) – i.e. no change.

Water Balance Modelling & Climate 
Resilience Analysis – Method 
A combined Central Region Water Balance 
Model (CRWBM) was developed in the 
Identification Phase Study (IPS (2019)). 
The CRWBM was developed from the four 
individual mine Water Balance Models 
(WBMs) which track the movement of both 

water quantity and quality (particularly 
Electrical Conductivity) through the 
model. Embedded within these models 
are stochastically generated datasets that 
represent the climatic range for the mines.  
The outputs from the WBM provide 
probability based results, with a focus on the 
5th/95th percentile results.

At the commencement of the Selection 
Phase Study (SPS), the WBM was updated 
to included changes to starting water 
levels, starting water quality for Electrical 
Conductivity, catchment disturbance (current 
and future), production data, the water 
transfer network, Coal Handling Processing 
Plant (CHPP) and dust suppression demands, 
offsite water release utilisation estimates and 
Trigger Action Response Plan (TARP) levels 
at each site. 

Reflecting actual practice on the ground, 
the TARP for each site is embedded in the 
CRWBM to guide the analysis. The TARP 
prioritises the use of MAW over other sources 
(i.e. offsite surface water sources), enacts 
transfer between sites, storage of MAW and 
when available and required, environmental 
release. 

The key statistics assessed were Total 
Stored Water Inventory, Site Water Stored 
Inventory, Total Annual External Water 
Source Use, Total Annual Release, Total 
CHPP Shortfall, Total Dust Suppression 
Shortfall, and Site Pit Interruption Days (to 
account for wet weather impacts). A range of 
other results were produced however these 
key statistics were the focus. 

The study concentrated on the dry 
weather impacts, as wet weather impacts 
affect pit accessibility and access to mining 
areas, however there are many variables in the 
wet weather impacts.  

The options analysis using the CRWBM 
compared results against minimal to 
no investment as the base case, with an 
assessment period of 20 years.

Consideration of Climate Change
The initial phase studies (2017-2019) 
identified that Climate Change needed to be 
considered as the study progressed. When 
the study commenced in 2019, BHP were in 
the process of developing a climate change 
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guideline.  Draft advice from this guideline 
was developed through a screening process 
of all the different climate change models 
available. The guideline contained data 
centred around 2030, 2050 and 2070, each 
covering a 20 year period.  The 2030 data 
covers the period of 2020 to 2040, which 
is the assessment period for the CRWBM. 
Table 1 shows a summary of the potential 
magnitude changes for the 2030 climate data, 
for the “Hot” climate change scenario which 
was considered the worst case.

The 2030 Climate Change Data suggests 
a predicted reduction in rainfall of slightly 
less than 8 % and an increase in evaporation 
in the range of 3.5 to 5.4 %.  However, the 
climate change models and the available 
input data did not provide guidance on a key 
climatic factor, being the potential changes to 
the interannual trends.

Without information on how the 
interannual trends may change, directly 
using the available climate data to assess 
the potential impacts of climate change 
was considered to have limited value. For 
example, climate change may lead to longer 
drier periods or longer drier and longer wetter 
periods.  BHP are continuously reviewing 
and updating approaches to access climate 
change when new datasets become available.

Due to the potential variability, 
understanding how the operations manage 
extended wet or dry periods is key to assessing 
the resilience of the water management 
system. The operational response to extended 
wet and dry periods has been observed to 
counter any impacts of climate variability (i.e. 
demands are reduced during dry periods, 
returned to normal during wet).

Sensitivity assessments were completed 
during IPS and SPS and identified that an 
increase in evaporation of 4 % could translate 
to a reduction of up to 10 % in stored water 
inventory which has the potential to increase 

Table 1 Climate Change Data – 2030

Climatic Percentile Annual Rainfall
(Change from Current) %

Annual Evaporation
(Change from Current) %

P5 - 7.7 5.4

P50 - 7.3 5.0

P95 -7.9 3.5

water use from external sources and the risk 
of shortfall. 

Alternatives Considered
During the precursor IPS, 56 alternatives were 
considered. At a high level, these included:
• Desalination for reuse
• Agriculture, with and without treatment 

in the immediate and neighbouring areas
• Commercial reuse to 3rd party industries
• Maximising reuse of MAW

From an initial analysis and multi-criteria 
assessment of the 56 alternatives, it was 
determined that Maximising Reuse of MAW 
and Desalination for reuse were preferred. 
Three alternatives emerged as warranting 
further assessment to mitigate the dry 
climate risks both at these and other BMA 
mines, with sub-alternatives. The alternatives 
considered were:
• Alternative 1 – Bi-Directional Pipeline 

(SSM to SRM): three different discharge 
locations;

• Alternative 2 – SSM Water Treatment 
Plant (WTP): two different capacities 
with reuse at other Central Region mining 
operations; and 

• Alternative 3 – Pipeline to Daunia Mine 
(DNM) (a BMA operation approximately 
50km away) with no treatment: via two 
alternative pipeline routes

Assessment of the benefits from each of these 
alternatives to the Central Region mines 
was completed using the CRWBM with 
concept engineering as inputs to the options 
assessment.

Options Assessment & Decision  
Making Process
A Multi-Criteria Assessment (MCA) process 
was adopted to support the decision making 
process. The non-cost criteria included 
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Regulatory and Approvals, Community and 
Reputation, Flexibility and Scalability, Post 
Implementation Risk (including closure 
liability), Health and Safety Risk, Operational 
Impact / Simplicity, and Environment and 
Sustainability. A final (fatal flaw) screening 
criteria of Meets Study Objectives (improves 
climatic resilience and reduces water sourced 
from offsite sources and the environment) 
was included.

Criteria weightings were agreed prior 
to the assessment using the Analytical 

Hierarchical Process. Comparative 
assessment of each alternative was completed 
for the given non-cost criteria and tested 
against the fatal flaw criteria to identify the 
top two sub-options. Once the preferred 
two sub-options were identified, the capital 
costs and operational costs for the seven sub-
options were reviewed to confirm the best 
performing alternative. 

The results of the non-cost MCA are 
presented in the below figure.

Alternative 2 (WTP at SSM) was found 
to be fatally flawed as it did not lead to long-
term resilience improvements for the Central 
Region mines and would result in a ‘stranded’ 
asset at SSM. Brine by-products would also 
require ongoing management and result in a 
potential closure liability. 

Alternative 3 (Pipeline to DNM) was less 
preferred as the benefits from the connecting 
pipeline would be limited, with supply to 
DNM being constrained during dry periods 
as water would be retained for the benefit of 
the Central Region mines. 

Alternative 1 (Bi-Directional Pipeline) 
was confirmed as the preferred alternative, 
revalidating the outcomes of IPS. This 
alternative comprised a new bi-directional 
pipeline from SRM (Jacaranda Pit) to SSM 
(Roper Pit) with a capacity of 9.7 GL/a, 
complementing existing infrastructure that 
enabled bi-directional transfers from CVM 
to SRM via PDM.

Solution Refinement 
From interrogation of the preferred 
alternative results, further analysis was 

Figure 1 MCA Combined Alternative Scores (Non-Cost)
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undertaken to assess whether a lower 
transfer rate would achieve similar water 
resilience improvements. A lower transfer 
rate of 6.4 GL/a (same capacity north as per 
the existing south pumping pipeline) was 
assessed, with comparison to the previously 
proposed 9.7 GL/a.

The model results confirmed the following 
two key outcomes: 
• Water Movements: For a 35% increase in 

pipeline capacity, the increase in transfer 
volume is less than 10% over the life of the 
asset operation (20 years). This was due 
to the limited period where mine water 
requires transfer south, as opposed to the 
total installed capacity, and

• Predicted total raw water usage and the 
CHPP shortfall: for a 35% increase in 
pipeline capacity, the reduction in raw 
water usage and shortfall is less than 3%.

Figure 2 Predicted Stored Mine Affected Water – 2019 to 2039: BAU v Alternative 1

Based on the limited climate resilience 
benefits of the additional capacity and higher 
capital cost, it was concluded that the higher 
(9.7 GL/a) pipeline capacity would not deliver 
value for the investment. Therefore, the lower 
capacity of 6.4 GL/a was adopted. 

The lower capacity pipeline also afforded the 
following benefits: 
• Reuse of over 80% of the existing pipeline 

constructed in 2015 
• 60% of pipelines within SSM could also be 

reused 
• Where upgrades / replacement was 

required, these pipelines could be 
reused by SSM operations to support pit 
dewatering

The total stored inventory over the design 
horizon (20 years) with a capacity of 6.4 GL/a 
is presented in Figure 2 below.
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Importantly, the analysis demonstrated that 
with this capacity, the operations can sustain 
production from the 5th to 95th percentile 
climatic range, meeting production demands 
and minimising water sourced from offsite 
sources. The predicted mine water volumes 
reduce overtime, as reuse is prioritised and 
available onsite storages also reduce.

The mines mostly remain within the 
Trigger Action Response Plan (TARP) Red 
Wet / Red Dry limits for the Central Region 
Mines. There are minor exceedances of the 
TARP Red Dry threshold from 2030 onwards 
in a 5th percentile dry climatic scenario, 
however production is still maintained.

Without optimisation, as stored MAW 
volumes decrease due to reuse, offsite sourced 
water demand would typically increase. The 
analysis shows that both MAW use can be 
optimised whilst reducing water sourced 
from the environment. This is shown in 
Figure 3 below.

Predicted raw water use across the Central 
Region mines over the design horizon 
is presented in the below figure.  When 
compared to the base case (BAU), there is a 
significant reduction in offsite sourced water, 
with predicted reductions of up to 2,600 ML/

 Figure 3 Predicted Raw Water Use – 2019 to 2039: comparison of Alternative 1 to BAU

year representing >50% reduction under 
median climatic conditions and up to 1,600 
ML/year in dry climatic conditions (>20% 
reduction).

Study Outcomes and Conclusions 
As shown above, the implementation of the 
bi-directional pipeline, with a capacity of 6.4 
GL/a, maximises the beneficial reuse of MAW 
and reduces the quantum of water sourced 
from the environment for all years, aligning 
with BHP’s Water Stewardship initiative.

Production at the four Central Region 
mines – CVM, PDM, SRM and SSM – 
would be sustained across a variable climate. 
Although a detailed analysis of climate 
change was not possible, the predicted 
impacts of climate (being a drier climate) can 
be managed.

As an investment to sustain production, 
the optimised capacity reduced the overall 
capital cost, making capital available for other 
projects in the BMA portfolio. The pipeline 
design also retained optionality and flexibility 
in the event there is a change in design intent, 
the predictions are not correct or more 
extreme events occur in future warranting a 
larger pipeline.
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The risk of water supply shortfall resulting 
in production impacts due to a drying 
climate will be reduced once the project is 
implemented. 
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Abstract
Between 1967 and 1990, the SDAG Wismut mined about 18,000 t of uranium at the 
Königstein site. The deposit, located very near a national park, is hosted in a Cretaceous 
sandstone formation at depths from 150 to 300 m below the surface. Since 1991, the 
combined effects of conventional underground mining followed by in situ leaching 
are being rehabilitated. As a result of the applied sulfuric acid leaching, the affected 
geological formation displays a high acidification potential, and high concentrations 
of dissolved contaminants as U, As and Zn in the associated mine water. Adaptions to 
the existing elaborate water monitoring network are required as the intended stepwise 
flooding is accompanied by hydraulic and hydrochemical tests. This paper outlines 
the current status of mine flooding at the Königstein site. The intense groundwater 
monitoring carried out during the first hydraulic test and its main results are described, 
along with approaches to adapt the monitoring network for a second hydraulic test.
Keywords: Uranium mining, Mine flooding, Groundwater monitoring, Königstein mine

Final Flooding of the Königstein Uranium Mine - 
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Introduction 
The Königstein uranium deposit is situated 
in the Elbe Sandstone Mountains, about 30 
km southeast of Dresden, near the Elbe River. 
Classified as a typical roll-front sandstone 
hosted uranium deposit, it covers an area of 
about 2.5 km × 10 km (Tonndorf 2000). It is 
hosted in the lowermost of four Cretaceous 
sandstone aquifers of the Pirna sediment 
basin (Fig. 1), where profitable uranium 
mineralization is associated with the so-called 
4th aquifer of Cenomanian age. Its location 
in the Saxon Switzerland National Park 
combined with the fact that the overlying 
3rd aquifer is considered the region’s most 
important drinking water reservoir makes 
the remediation extremely challenging.

The Königstein uranium deposit was 
mined between 1967 and 1984 by means 
of conventional mining methods. Due 
to decreasing yields, the mining strategy 
shifted towards in–situ leach mining using 
sulphuric acid as the solvent. By this process, 
some 130,000 t of acid were used in the 
underground, inducing consecutive reactions 
due to the oxidation of pyrite and the 
dissolution of metals and radionuclides over 
an area of about 6 km2. When decommissioned 

in 1990 in association with the German 
Reunification, a total of about 18,000 metric 
tons of uranium had been produced from 
the Königstein mine. However, regions such 
as the Thürmsdorf and Pirna sub-deposits 
remained unmined and still exhibit a high 
contamination potential.

Controlled flooding of mine section I up 
to the permitted water level of 140 m above 
sea level (a.s.l.) was completed in 2013. 
Basic elements of controlled flooding and 
the safe holding of the current water level 
include the system of control drifts and two 
connected extraction wells (FBL Aneu and 
FBL B), a water treatment plant, two injection 
boreholes for treated and potable water, and 
a waste dump for the disposal of radioactive 
residues. The applied remediation strategy of 
pump-and-treat significantly decreased the 
metals and radionuclides in the mine water 
during the past three decades. However, the 
contamination potential remains high. In 
2021, the mean mine water composition was 
characterized by a pH of 3.1, SO4 = 800 mg/L, 
Fe = 38 mg/lL, U = 6.5 mg/L, Zn = 8.4 mg/L, 
and Ra-226 = 5.5 Bq/L.

As the technology of pumping, 
cleaning and reinjection led to decreasing 
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Figure 1 Geological cross section of the Königstein mine site (Frenzel et al. 2016)
 

concentrations of sulphate, metals and 
uranium, treatment methods had to be 
fundamentally adapted. Especially, the 
separation of uranium as a by-product of mine 
water treatment could not be maintained 
at reasonable costs and was shut down. The 
processing and treatment facility for mine 
water was converted to solely applying a 
lime treatment and precipitation technology, 
whereby the total residues are stored in the 
Schüsselgrund waste dump nearby. While the 
flood water level is currently kept stable below 
140 m a.s.l., the water monitoring continues: 
groundwater observation in four aquifers, at 
the surface, seepage water, and the discharge 
of treated mine water into the Elbe River.

Preparing measures for final flood-
ing – hydraulic test I
To gain field data for making reliable 
forecasts on the hydraulic and hydrochemical 
consequences of further mine flooding, a 
hydraulic test was performed from 2017 to 
2018. It involved the controlled lifting of the 
flooding level up to 150 m a.s.l., followed by 
its immediate return to the initial level of 140 
m a.s.l. During lifting, which lasted about 6 
months, about 250 m³/h of treated water was 
injected into the mine. The initial water level 
was reached within 3 months after stopping 
the injection. During the hydraulic test, the 
flooding level was controlled in such a way 

that passage of mine water into aquifer #4 
could be excluded at any time. A limited 
mine water encroachment into aquifer #3 
was expected during the test in the area of the 
main hydraulic weak zones, which include 
the hydraulically active north fault and the 
area of the former ventilation borehole #6.

Hydraulic test I was accompanied by 
a response plan, which basically had been 
applied also for flooding of mine section I. 
The main objective of the response plan was 
to assure a concentration limit of ≤30 µg/L 
of U outside the boundary of a so-called 
observation and reaction area (O&RA). 
The shape of this O&RA results from the 
border of mining permit at the Königstein 
site and an already approved impact-limit 
of about 500 m downstream of mine voids. 
To assess the effect of the flood water on 
aquifer #3, indication values for the typical 
mine water indicators U, Zn, SO4, Ce and 
Nd were derived (Table 1) and appropriate 
countermeasures were defined to limit the 
potential of mine water encroachment. These 
countermeasures also involved lowering of 
the flood water level.

Hydraulic test I was performed using the 
existing monitoring network from flooding 
section I. The test was accompanied by an 
intensified monitoring program for the early 
detection of mine water encroachment to 
aquifer #3.  Sampling frequencies and water 
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Table 1 Indication values defined in the response plan for groundwater in aquifer #3 inside the observation 
and reaction area (in brackets: outside the observation and reaction area)

Parameter U
[mg/L]

Zn
[mg/L]

SO4
[mg/L]

Ce
[µg/L]

Nd
[µg/L]

Indication value 0.1 (0.03) 0.3 300 20 20

level measurements at monitoring wells were 
increased according to their function in the 
monitoring network (Table 2). In order to 
observe possible long-term influences on 
the groundwater quality, the intensified 
monitoring was maintained for one year 
after finishing the hydraulic test. The test was 
accompanied by a long-term pumping test at 
monitoring well k 66021 in aquifer #3, which 
is located about 50 m downstream the north 
fault (Fig. 2). The goal of the pumping test 
was to activate the groundwater flow towards 
the well by the permanent pointwise water 

abstraction. Hence, it served for the earlier 
and more reliable detection of a possible local 
passage of mine water to aquifer #3.

Monitoring by means of sampling in 
aquifer #4 along the mine contour wasn’t 
intensified, as passage of mine water from the 
control drift system was not expected as long 
as the water depression in the control drift 
was retained by a constant pumping of at least 
250 m³/h from the extraction wells.

Generally, sampling from monitoring 
wells took place by pumping with two 
custom-made sampling units, MTA-200 

Figure 2 Groundwater monitoring network in the aquifers #3 and #4 at the Königstein site
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and MTP-350, allowing pump sampling 
to a depth of 350 m (see Eulenberger et al. 
2017 for a detailed description). For every 
monitoring well, a specific pumping regime 
was developed over the years based on its 
construction depth, hydraulic conductivity, 
geophysical characteristics and diameter. 
Hence, technical pumping parameters such 
as pumping time, flow rate and sampling 
depth were specific for each monitoring well 
but were kept constant so as to guarantee 
comparable results over time.

The results of hydrochemical monitoring 
during and after the first hydraulic test 
provided no indication of any influence 
on the water quality of aquifers #3 and 
#4. Concentrations of typical mine water 
parameters U and Zn showed no significant 
increase in response to the temporary rise 
of the flood water level, and the indication 
values of mine water influence for U and 

Table 2 Intensification of hydraulic and hydrochemical monitoring in aquifer #3 for the first hydraulic test 
2017-2018 (frequency of regular monitoring in brackets)

Category Monitoring well Monitoring during hydraulic test I

Northern field above the mine k-6111E, k-66018, k-66029, k-66038 EC + water level = continuously
Sampling = 12x/a (4x/a)

k-66020, k-6630E, k-66032, k-66036 Sampling = 4x/a

k-66021 - long-term pumping test In-situ-Parameter = 3x/week
Sampling = biweekly

Figure 3 Uranium and zinc concentrations in aquifers #3 (k-6111E, k-66029) and #4 (k-77015, k-7136E) 
above the mine since 2012 (dotted line: indication values for mine water influence)
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Zn were not exceeded (Fig. 3); SO4 and the 
rare earth elements behaved similarly. These 
results substantiate the decision for a second 
hydraulic test in which the elevated floodwater 
level is to be maintained for a longer period. 
In this test, monitoring in aquifer #3 does 
not have to be intensified a priori, but a case-
dependent increase of sampling frequency on 
affected monitoring wells will be carried out.

Preparing measures for final flood-
ing - hydrochemical field test
From 2020–2021, a hydrochemical field 
test was performed at the Königstein site. 
The single borehole test was carried out at 
an existing monitoring well in the mine 
(k-77018), which was selected according 
to its suitability concerning groundwater 
flow and chemical composition. During the 
test, a reactive fluid consisting of potassium 
hydroxide and butanol was injected directly 



IMWA 2022 – "Reconnect"

457Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

into the well, and re-pumped after a reaction 
time of 1–2 weeks. Over a period of 8 months, 
a total of 17 injections took place, followed by 
a two-month monitoring phase.

The hydrochemical field test proved the 
suitability of the utilized reactive fluid to 
effectively reduce the acidic potential of the 
mine water and enhance bacterial sulphate 
reduction. After a lag-time of about two 
months, the decrease of iron along with the 
rise of sulphide, TOC, and metabolic products 
of carbon acids verified the increased local 
microbial activity in the mine water (Bilek et 
al. 2021).

Adaption of monitoring to further 
flooding steps
Currently, preparations for the 
implementation of a second hydraulic test are 
in progress. In contrast to hydraulic test I, the 
elevated water level of 150 m a.s.l. level will be 
kept constant for several years. The main goal 
is to gain data for the verification, adaption 
and improvement of the existing hydraulic 
and hydrochemical model of the Königstein 
mine. An essential component of hydraulic 
test II is the injection of reactive fluids directly 
into the upstream, southern part of the mine 
by means of a borehole specially drilled for 
that purpose.

Hydraulic test II is accompanied by 
a monitoring program, which largely 
corresponds to the existing program with 
some adaptions, including the option of 
intensifying it. Criteria for an event-related 
intensification of monitoring, the initiation 
of measures for limiting negative influences 
and, ultimately, the termination of the test 
are defined in a response plan, which aims at 
reliable observance of ≤30 µg/L of U outside 
the O&RA in aquifer #3. According to the 
response plan, two criteria are defined for 
intensifying the sampling frequency in an 
affected monitoring well: the increase in EC 
(>100 µS/cm) or the excess of indication 
values (Table 1) in a monitoring well. The 
continuous observation of the electric 
conductivity in the water of the aquifers #3 
and #4 with probes (SEBA Hydrometrie) 
plays an important role for the early 
detection of encroaching mine water. For that 
purpose, all existing permanent probes will 

be equipped with transmission modules to 
perform data transfer using a local wireless 
network (LoRaWAN). This enables the 
instant detection of changes in conductivity 
and subsequently a quick decision on 
additional monitoring activities as well as 
further measures to limit floodwater impacts.

Stepwise extension of the monitor-
ing network for final flooding
In order to prevent environmental damage 
to the surrounding aquifers and to identify 
negative influences from flooding in time, 
the regulatory requirements are exceptionally 
high for the monitoring that accompanies the 
whole process of flooding (Eulenberger et al. 
2021). That’s why the existing monitoring 
system in Königstein is planned to be 
extended stepwise with monitoring wells, 
injection wells, and, if needed, further 
extraction wells, in accordance with the 
strategy of mine flooding. Monitoring 
wells in aquifers #3 and #4 serve for the 
early detection of mine water encroaching 
from the mine to the surrounding aquifers. 
An early detection of encroaching mine 
water requires the intensified observation, 
especially in areas of critical mine water 
encroachment, and protection of the aquifer 
outside the O&RA. Further, the results of 
geological and chemical analyses gained 
from the sampling water and drilling cores 
will serve to enhance the data bases used for 
runoff and transport modelling at the former 
mining site. The selection of appropriate sites 
for new monitoring wells bases, besides the 
findings from monitoring and modelling, on 
the documentation of hydraulic weak zones 
in the aquiclude between aquifers #3 and 
#4, that existed during active mining and 
could not be sealed completely (Frenzel et 
al. 2018). The construction of injection wells 
is planned in order to enable the injection 
of neutralizing, reactive fluids into the mine 
body to enhance the in-situ remediation. 
The need for a further extraction well could 
arise from a changing hydraulic conductivity 
or hydraulic connection of the control drift 
system and, in consequence, the failure 
of the current mine water management 
(Eulenberger et al. 2021). The strategy 
of stepwise extension of the monitoring 
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network, depending on further gains in 
knowledge, is due to the high construction 
costs of groundwater monitoring wells at the 
Königstein site, resulting mainly from the 
great depth of aquifers as well as the need for 
hydraulic sealing of the overlying aquifers. In 
total, eight additional monitoring wells in the 
northern part of the former mine (k-66039, 
k-66040, k-77039: installed since 2018; 
k-77041: in construction) and six injection 
boreholes (k-77045: in construction), spread 
over the entire former mine area, are planned 
with depths up to 300 m (Fig. 2).

Outlook
The complete flooding of the Königstein 
uranium mine from the current water table 
of 140 m a.s.l. to the natural level of about 
200 m a.s.l. remains a long-term process 
lasting several decades. The experience and 
output gained from hydraulic test I and the 
hydrochemical field test make a valuable 
contribution to our understanding of the 
complex hydraulic and hydrochemical 
system of the Königstein mine and provide 
important prerequisites for final flooding. 
The existing monitoring network forms 
a solid base for further steps towards the 
complete recovery of pre-mining conditions. 
The stepwise expansion of monitoring 
wells at carefully selected locations is a 
compromise between the need to fill gaps 
and opportunities to minimize expenses and 
efforts for the costly and time-consuming 
construction and running of new monitoring 
wells. The observation of hydrochemical and 
hydraulic changes caused by the rising flood 
water level require the short-time adaption 
of monitoring by the shortening of sampling 
frequencies and increasing the scope of 
analysis. These facts are a major challenge 
concerning monitoring accompanying final 
flooding of the Königstein uranium mine.

The extended monitoring network, 
including additional technical equipment 
(probes with LoRaWAN, appropriate and 
sufficient sampling equipment) along with 
supporting measures (response plan) for 

the quick detection of the influence of flood 
water, are important for minimizing the 
possible environmental impacts and to finally 
ensure the safe flooding of the Königstein 
mine.
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Abstract
The leaching of metals from pervious concrete incorporating Portland Cement (CEM 
I) fly ash (30% FA) and Ground-granulated blast-furnace slag (50% GGBS) could have 
potential adverse effects on human health and the ecosystem. Leaching characteristics of 
metals from these concretes were investigated using the Toxicity Characteristic Leaching 
Procedure (TCLP), batch, and column tests. Results indicated that concentration levels 
of all regulated elements in the leachates were lower than the TCLP leachate quality 
criteria. However, CEM I and FA concrete samples showed higher metal leachability 
than GGBS samples with Cr6+ levels being higher than the specified limits which pose 
an environmental risk.
Keywords: Acid mine drainage, Leaching, Pervious concrete, Coal fly ash, Ground-
granulated blast-furnace slag

Comparative Study of Leaching of Metals from 
Pervious Concrete Incorporating Coal Fly Ash and 

Ground-Granulated Blast-Furnace Slag
A.N. Shabalala
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Introduction 
If left untreated, Acid Mine Drainage 
(AMD) can contaminate ground and surface 
watercourses, damaging the health of plants, 
humans, wildlife, and aquatic species. The 
high cost of AMD remediation has resulted 
in the search for alternative liming substitutes 
which are low cost, readily available, and 
easily regenerated. Pervious concrete has 
attracted attention as a result of its low 
costs, environmental sustainability, and its 
effectiveness in treating polluted or acidic 
water (Shabalala et al., 2017, 2019). However, 
it is structurally weaker and less durable than 
conventional concrete. Therefore, natural 
or chemical admixtures have been added to 
pervious concrete to increase its strength and 
durability. Dell’Orso et al. (2012) reported 
that the use of mineral additions in cement 
reduces the amount of Portland cement 
clinker that is consumed, reduces the related 
CO2 emission, a vast amount of energy is 
saved and the natural resources involved in 
cement production such as limestone and 
clay are also preserved. Partial replacement 
of pervious concrete with fly ash has been 
shown to improve the workability of fresh 
concrete and the mechanical strength and 

durability of normal porous concrete. Fly ash 
could be utilized for a cleaner production 
of pervious concrete possessing compatible 
hydrological properties and pollution control 
potential, compared to ordinary pervious 
concrete (López-Carrasquillo and Hwang, 
2017). Ground Granulated Blast Furnace 
Slag (GGBS) which is a by-product extracted 
from blast furnaces used to produce iron 
is commonly used as binder replacement 
materials bearing a much lower carbon 
footprint and can be highly effective in 
enhancing the workability, durability, and 
corrosion resistance of concrete structures 
(Yeung et al., 2019). To lower the CO2 
emissions and the consumption of natural 
resources, waste materials like ashes, slags, and 
alternative aggregates, are increasingly being 
used in cement and concrete production. But 
these materials are often characterized by a 
high content of trace elements and potentially 
hazardous metals which are of environmental 
concern (Hartwich and Vollpracht et al., 
2017; Dell’Orso et al., 2012). The release of 
metals into the environment when cement or 
concrete products are exposed to water, soil, 
and air, may result in a threat to environmental 
safety and human health. It is, therefore, 
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necessary to evaluate and analyze the leaching 
of metals from cement products. In view of 
using fly ash and GGBS as a replacement for 
cement in concrete mixes, pervious concrete 
utilizing fly ash and ground-granulated blast-
furnace slag was developed. The present 
study aims to investigate the metal leaching 
characteristics of porous concrete. Although 
pervious concrete has been shown to be 
effective in reducing the loading of metals 
and organic contaminants in acid mine 
drainage, the leaching potential of metals (Al, 
Fe, and Mn) from pervious concrete and the 
capacity of pervious concrete to immobilize 
trace elements such as Ba, Cd, Cr, Co, Cu, 
Ni, Pb, Zn, Sr and V which are common 
contaminants in acid mine drainage is not 
well understood. The experimental results 
of pervious concrete incorporating FA and 
pervious concrete incorporating GGBS 
will be compared to the results of pervious 
concrete made with ordinary Portland 
cement paste. In addition, microstructural 
analysis using X-ray diffraction (XRD) will be 
used to investigate changes in mineral phases 
of the concrete during leaching.

Materials and methods
Concrete mixtures
PERVC was made using ingredients 
consisting of Portland cement CEM I 52.5R 
with or without 30%FA, 50%GGBS and 
6.7 mm granite aggregate. Class F fly ash, 
Portland cement and GGBS were obtained 
from Ash Resources Ltd, Pretoria Portland 
cement company and Best cement trading, 
respectively. Class F fly ash was used as 
classified in the standard specification for 
coal fly ash and raw or calcined natural 
pozzolan for use in concrete (ASTM C 618, 
2015). Three concrete mixtures were prepared 

in which the fly ash and GGBS content in 
concrete was 30% and 50% by mass of the 
total cementitious materials, respectively. A 
water-to-cementitious ratio of 0.27 was used 
for all mixes. Fresh concrete was cast in 100 
mm cubes, left to dry for 24 h, then demolded 
and left in a curing bath for 28 days.

Toxicity Characteristic Leaching test
The U.S. EPA Regulatory method 1311- 
Toxicity Characteristic Leaching Test (TCLP) 
was used as a reference to investigate the 
leaching characteristics of metals and trace 
elements from pervious concrete with and 
without fly ash and GGBS replacement. The 
concrete cubes were sliced to approximately 
30 x 30 x 10 in thickness, and each weighed 
20 g (± 2). Each of the concrete samples was 
placed in a 1000 mL glass beaker into which 
400 mL of 0.1N acetic acid with pH 2.84 was 
added, as shown in Figure 1. The liquid-
solid ratio was 20:1 with a contact time of 24 
h. The pH, EC and TDS of resultant leachate 
was measured immediately following 
collection using a MP-103 microprocessor-
based pH/mV/Temp tester and thereafter 
analyzed for Al, B, Cd, Cu, Co, Fe, Pb, 
Ni, Zn. Water quality criteria for leached 
metals will be based on the EPA extraction 
procedure toxicity test (EP Tox). The criteria 
for metals are set at 100 times the National 
drinking water standards. If the leachate 
from a material exceeds these criteria, then 
the material is considered hazardous (Zhang 
et al., 2001). Regulated concentration levels 
of metals specified in the TCLP leaching 
test are given in Table 1. The Transportation 
of Dangerous Goods Regulations (TDGR) 
which is a TCLP Canadian Equivalent is also 
presented in the table.

Figure 1 Toxicity characteristics leaching tests.
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Table 1 Leaching quality criteria (Zhang et al., 2001)

Metal As B Ba Cd Cu Hg Pb Se Zn

EPA,USA, TCLP 
(mg/L)

5 - 100 1 - 0.2 5 1.0 -

TDGR, Canada 
(mg/L)

5 500 100 0.5 100 0.1 5 - -

Batch reactor experiment
The AMD used was obtained from an 
abandoned coal mine. Each standard 100 
mm concrete cube (CEM1, 30%FA and 50% 
GGBS) was placed in a 4 L plastic container 
and filled with 3 L of AMD. Samples were 
collected each day for the first 10 days and 
thereafter once a week for a total of 43 days. 

Column experiment
The main objective of this test is to study long-
term leaching behaviour and to determine 
the optimum quantity of metals that leached 
out from CEM1, 30%FA and 50% GGBS. 
Four concrete cubes of CEMI, 30%FA and 
50%GGBS were placed in separate columns. 
The columns used in this study are 500 mm in 
height and have an internal diameter of 100 
mm. An AMD sample was pumped at a flow 
rate of 0.35 ml/min. Leachate samples were 
collected daily for the first 3 months, then 
once every third day and thereafter, to once 
a week for a total of 175 days. Concentrations 
of B, Cr, Cd, Co, Cu, Ni, Pb, U and Zn 
were determined using the PerkinElmer 
SCIEX (Concord, Ontario, Canada) ELAN® 
6000 inductively coupled plasma–mass 
spectrometry. The concentration of Cr6+ 
was determined using Ion Chromatography, 
Dionex QIC-IC instrument.

Results and Discussion
Effect of the pH on leaching of metals
Batch experiments showed an increasing 
trend toward higher concentrations of major 
elements (Ca, Si, Al, Mg) and trace metals 
(Cu, Pb and Zn) associated with lower pH 
values. The observed major element and 
trace element (Cr, Cu, Pb and Zn) leaching 
behaviour is best explained by the dissolution/ 
precipitation of concrete phases and surface 
complexation, respectively. Water passing 
through pervious concrete has an increase 

in pH because of reactions with portlandite 
and calcite in the porous cement. Generally 
higher pH values reduce metal loading but 
trace metals do tend to increase to some 
extent at pH > 9 (Solpuker et al., 2014)

Toxicity characteristic leaching Procedure 
(TCLP) test results 
The concentrations of As, B, Ba, Cd, Pb, Ni, 
Se, Hg, and Zn in the leachate from the CEM 
I, 30%FA and 50%GGBS were below the 
limits specified by EPA, USA and the DGTR, 
Canada. Fly ash and GGBS concrete samples 
showed higher metal values than Portland 
cement concrete samples except for Ni. The 
values of Ni for fly ash and GGBS were lower 
than those of Portland cement concrete. 
Concrete containing fly ash and GGBS 
showed higher concentrations of Cu, B, Co, 
and Se while higher Fe and Zn values were 
recorded for Portland cement (Fig 2.1). Cu 
in 30%FA and 50% GGBS concrete mixtures, 
which had a concentration of 0.8570 and 
4.65 mg/L, respectively, is the only metal 
that showed high leachability in the test. 
Mineralogical characterization of the concrete 
mixtures (Fig 2.2) was carried out at 175 days 
using X-ray powder diffraction (XRD). The 
analysis was performed with a Pan Analytical 
X-ray X’pert PRO diffractometer. The most 
abundant product phase in all the mixtures 
was gypsum (CaSO₄·2H₂O). Plain pervious 
concrete (CEM 1) was mainly composed of 
gypsum, thernadite (Na2SO4) and quartz 
(SiO2). Ordinary Portland cement primarily 
consists of calcium and silicon compounds 
with lesser quantities of iron and aluminium 
compounds. The XRD spectra for 30% FA 
indicate the presence of gypsum and Glauber’s 
salt (Na2SO4) while that of 50%GGBS shows 
gypsum and quartz as the main reaction 
products. The release of metals occurs owing 
to the dissolution of these minerals.
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Figure 2.1 General trends in the leaching behaviour of selected elements after 24 hours of contact time 
with the concrete mixtures.

Batch reactor experiment 
After 43 days of batch tests using acid mine 
drainage, the elements Ni, Co, Cu, Cd , Pb, 
Zn B, U and As in treated mine drainage 
were maintained at levels below those in 
the untreated acid mine drainage. The 
concentrations of metals (Ni, Co, Cu, Cd, 
Pb, Zn, B and As) in the leachates from 
concrete mixtures were lower than the limits 
specified by EPA (1986), WHO (2006) or 
SANS 241 (2015). In general, the 30% FA 
concrete leachate showed similar or higher 
metal values than CEM1. FA concrete 
samples showed higher leachability of Cr 
and Cr6+ when compared to CEM1 and 50% 

GGBS concrete samples. A slightly higher 
concentration of Se leaching was observed 
with CEM1. 

Column experiment
After 175 days of column leach test using acid 
mine drainage, the concentrations of metals 
(Ni, Co, Cd, Pb, and As) in the leachates 
from plain Portland cement (CEM 1), 
concrete with fly ash (30% FA) and concrete 
containing GGBS (50% GGBS) were lower 
than the limits specified by EPA (1986), 
WHO (2006) and SANS 241 (2015) therefore 
showed no risk for the environment if they 
leach out from the pervious concrete and 
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Figure 2.2 XRD pattern of residues from CEM I (a) 30%FA (b) and 50% GGBS (c) at 175 days in the 
reactor column where g-gypsum; q-quartz; t-thernadite.

fly ash matrix. The concentration of these 
metals showed no trend with time, being at 
or below detection limits for the duration 
of the tests. The concentrations of Zn and 
Cu in CEM 1 and 30%FA were higher than 
the limits specified by NWA (1999) and 
therefore pose a potential environmental 
risk. This is in agreement with the findings 
of Pöykiö et al. (2016) that Zn concentration 
in the fly ash is generally elevated. Fly ash 
concrete samples showed higher leachability 
of Co, Zn, and Ni when compared to CEM1 
concrete samples.  The concentrations of 
Co, Zn and Ni were 0.0050 and 0.0114, 
0.7142 and 0.7740, 0.000 and 0.0685 mg/L, 
for CEM1 and 30%FA, respectively. The 

concentration of Cr in all three concrete 
mixtures was lower than the recommended 
limits of 2 mg/L (EPA, 1986). CEM1 and 
30%FA showed higher leachability of Cr6+ 
with average concentrations of 0.209 and 
0.067 mg/L, respectively, owing to leaching 
from the cement and fly ash materials used 
in the pervious concrete mixtures. These 
values are higher than the recommended 
maximum concentration specified by the 
World Health Organisation (WHO) of 0.05 
mg/L and therefore pose an environmental 
risk. For GGBS, the concentration of Cr6+ 
was 0.059 mg/L indicating that leaching 
did not take place. The element release 
therefore strongly depends on the concrete 
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Figure 3 Concentrations of metals leached from CEM I, 30% FA and 50% GGBS concrete samples.

composition and trace element content. For 
example, the higher chromium content of 
the cement results in higher pore solution 
concentrations and a higher release during 
leaching (Hartwich and Vollpracht, 2017). 
Low risk is caused by eight trace metals (Co, 
Cd, Ni, B, Pb, Zn, Be, As) in CEM1, six trace 
metals (Co, Cd, Ni, Pb, Be, As) in 30%FA 
and three metals (Al, Fe, Zn) in GGBS.  In 
general, for both batch studies and column 
studies, the concentrations of metals 
leached when GGBS was incorporated into 
the cement were less than that observed 
when plain Portland cement or cement 
incorporating 30%FA were used.

Conclusion
The results showed that none of the metals 
in the leachates from CEM I, 30% FA and 
50% GGBS concrete samples exceeded the 
regulated levels specified in the Toxicity 
Characteristic Leaching Procedure (TCLP) 
test therefore are considered stable with 
respect to leachability and show no obvious 
environmental risk. Batch and column 
studies showed that the concentrations of 
metals leached in cement containing slag 
(50% GGBS) were less than that observed 

when plain Portland cement (CEM 1) or 
cement incorporating fly ash (30%FA) were 
used. Cu, Fe, Se, B and Zn showed increasing 
concentrations in the leachate with time 
although they were below the level specified 
in water quality guidelines. The Cr6+ levels in 
CEM 1 and 30% FA concrete samples were 
higher than the specified limits. Therefore, 
Cr6+ in cement products should be controlled 
to avoid its potential environmental risk.
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Abstract
Vegetation direct transfer (VDT) is a West Coast NZ rehabilitation method in which 
sods of soil with roots and living plants are removed and placed on rehabilitated areas 
to retain their structural integrity. VDT probably helps mediate acid drainage by (1) 
reducing erosion (2) reducing air and water permeability into overburden by acting as 
‘sponges’ that retain saturated- to near-saturated conditions (3) ponding free water in 
gaps between sods due to low lateral permeability. Sharp textural interfaces between 
the finer VDT topsoil and coarser underlying compacted overburden rock help restrict 
unsaturated water percolation and key to maintain natural wetland vegetation.
Keywords: ???

Mediating Risk of Acid Generation by 
Translocating Intact Vegetation with Soil 
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Vegetation direct transfer (VDT) is the 
premier rehabilitation method at mines on 
the West Coast of New Zealand that impact 
native vegetation. The method removes 
~2 to 6 m2 intact sods of soil with most of 
the typically shallow root system and living 
attached vegetation in a way that retains their 
structural integrity (Figure 1). A single layer of 
stripped sods is transported on conventional 
dump trucks fitted with tray inserts that 
lengthen the deck to maximise area and 
yield. Typically, matched, reverse-attached 
excavator buckets with a cutting edge and flat 
base are used to strip, load and unload sods 
that are typically 300 to 500 mm deep and 
carefully placed close-together on areas ready 
for rehabilitation. Direct transfer is mostly 
valued for its efficacy in conserving whole 
ecosystems, particularly a wide diversity of 
plant species (given only a fraction of native 
plants are readily available in nurseries) 
and invertebrate fauna, especially flightless, 
slowly dispersing species such as earthworms 
which can survive within sods. However, 
direct transfer probably also has an under-
recognised role in mediating the risks of acid 
drainage. This paper to illustrate the ways 
such risks are mediated using mines on the 
Stockton and Dennison Plateaux, where VDT 

was trialled in 1998/99 and used extensively 
since 2006. These mechanisms include:
• An immediate reduction in erosion 

risk, protecting cap integrity. The DVT 
sods with high cover of living and 
dead vegetation physically protect the 
underlying cap while the DVT soils 
are bound with roots. Both features 
reduce erosion vulnerability to the high-
intensity rainfall typical of these mines 
(a >200 mm/24 hr rain event occurs 
approximately monthly). The sods largely 
remove the temporal gap that typically 
occurs during vegetation establishment 
and in a medium-sized event (60-80 
mm in 24 hours) are as effective as straw 
mulching in the short term, as measured 
by Total Suspended Solids concentration 
in runoff. Sods may be deployed across 
a whole area on slopes with high-
erosion risk, or placed in strips adjacent 
to vulnerable areas (such as remnant 
ecosystems or watercourses) to intercept 
and filter runoff.

• Low vertical and lateral permeability. 
Permeability into these fine-textured 
and organic-enriched soils is lower than 
stripped soils because DVT avoids mixing 
topsoils with rocky subsoils.  



IMWA 2022 – "Reconnect" 

468 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Figure 1 Specialised VDT stripping head reverse-attached to an excavator bucket. Photo by D Rodgers.

• Higher soil moisture content/and fewer 
days with low moisture content due to 
a) higher water-filled pore volumes in 
undisturbed soils due to higher organic 
matter contents and lower stone content, b) 
ponded free water retained in gaps between 
sods due to low lateral permeability and 
layout of sods that minimises creation 
of interconnected drainage channels, 
c) low evapotranspiration rates of VDT 
dominated by the native jointed rush 
Empodisma minus. This rush forms peat 
as it slowly decomposes, helping maintain 
high water holding capacity in the soils. 

• A probable initial flush of Dissolved 
Organic Carbon when sods are placed 
due to soil disturbance and death of some 
roots.  

• Living plants and soil microbial systems 
using soil oxygen, reducing dissolved 

oxygen content in water leaving the soils 
and entering the overburden. 

At Stockton and Denniston, VDT is 
particularly effective at reducing air and 
water permeability into overburden as 
the peaty, sandy loam topsoils have high 
water holding capacities, so act as ‘sponges’ 
for retaining saturated or near-saturated 
conditions. Sharp textural interfaces between 
the finer VDT topsoil and coarser underlying 
compacted overburden rock help restrict 
unsaturated water percolation. This benefits 
wetland VDT by helping retain saturated or 
near-saturated soil conditions suitable for 
the wetland vegetation that occurs on the 
Plateaux. Another key contributing factor 
is a climate that delivers excess rain over 
evapotranspiration on average in all months.
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Managing Legacy AMD to Achieve Successful Mine Closure
EJP Sinclair Bathurst Resources Limited, New Zealand

P Weber Mine Waste Management Limited, New Zealand

Abstract
Bathurst Coal Limited owns and operates the Canterbury Coal Mine, Canterbury New 
Zealand. The Mine was purchased in 2013, and during acquisition, it was identified that 
there were legacy issues associated with Acid and Metalliferous Drainage (AMD).

After operational activities started at site, under the direction of Bathurst, a 
strategic approach to AMD management was undertaken to address this legacy AMD 
and also future potential issues. This included a staged response to characterise and 
schedule materials, assess AMD risks, and implement appropriate engineering controls 
(prevention minimisation, control and treat) to address these risks. This led to a 
significant reduction in AMD effects including an improvement in pH and a reduction 
in acidity loads for the site.

When market and social license issues resulted in the decision to close the Mine in 
early 2021, the site was well placed to transition to Mine Closure. 

This paper covers the steps undertaken during the operation of the Mine to resolve 
the legacy AMD issues and minimise AMD impacts associated with ongoing operational 
activities such that a robust best practicable mine closure plan was possible that will 
ensure good long term environmental outcomes with minimal active management 
requirements.
Keywords: acid and metalliferous drainage, mine closure, prediction, prevention, 
legacy, adaptive management

Background – Canterbury Coal Mine
Mining commenced in the Malvern Hills 
Coalfield in 1872 with over 80 historical mines 
recorded (predominantly underground). 
The Canterbury Coal Mine (Mine), part of 
this coal field, was purchased by Bathurst 
Coal Limited (Bathurst) in 2013. At this 
point the Mine had been operating as an 
opencast operation for >10 years (Figure 1) 
and historical underground mines were also 
present. 

Although mining was small scale, a 
significant disturbance footprint had resulted 
with little consideration for materials 
management or understanding of acid 
generating materials.

AMD (pH of ~3.5; Bell & Seale 2004) was 
first identified at the site in 2003-2004, which 
led to university research (Alipate 2005; de 
Boer 2005). de Boer (2005) completed the 
first waste rock characterisation studies, 
which included 34 rock samples from the site 
and identified that:

• Four samples were potentially acid form-
ing (PAF) with a Net Acid Producing 
Potential (NAPP) of 4 – 280 kg/t CaCO3 
equivalent with the remainder being clas-
sified as non-acid forming (NAF) 

• Some rock samples contained significant 
acid neutralising capacity (ANC).

These data inferred that the exposed “Main 
Seam” footwall was the primary source of 
acid runoff, with that coal seam also being 
the primary target for coal mining. Following 
these studies, it appears that no detailed 
waste rock models (delineating PAF and 
NAF materials) were completed, and little 
attention was paid to rock placement within 
waste rock dumps.

The inherited Mine Operations Manual 
provided little reliable direction on AMD 
management. The following was noted:
• Inadequate investigations had been car-

ried out to determine the source of the 
acidity within the mine footprint or li-
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thology (e.g., limited materials charac-
terisation).

• Limited engineering controls to prevent, 
minimise and control AMD.

• Elevated boron concentrations derived 
from seepage from overburden.

• Limited testing of mine impacted waters 
(e.g., limited performance monitoring)

• Small scale active lime dosing was used 
to adjust pH in the primary surface water 
settling pond prior to discharge (which 
had limited surge capacity for higher in-
tensity rainfall events). 

Overall, there was no strategic ap-
proach to AMD management, rather a 
simplistic AMD treatment system was 
used periodically to neutralise acidic 
water prior to discharge. Improve-
ment was essential to minimise dis-
charge impacts.

AMD Management Strategy
In 2015-2016 Bathurst initiated its 
management strategy for AMD to minimise 
the long-term liability associated with 
AMD treatment and avoid the risk of non-

compliance for site discharges. This strategy 
incorporated a best practicable approach for 
AMD management involving prediction, 
prevention, minimisation, and control & 
treatment. This was based on international 
guidance, (e.g., INAP 2014) and was 
imbedded in the sites AMD Management 
Plan:
• Prediction (characterisation) of AMD, 

which is critical to understanding the po-
tential and longevity of poor water qual-
ity and enables the development of an 
AMD strategy. Prediction is facilitated 
by geochemical analysis and interpreta-
tions, which forms the basis of a geolog-
ical-geochemical waste rock block model 
that characterises and classifies the over-
burden according to its AMD potential. 
The output from the model and materials 
characterisation facilitates a risk-based 
approach to understand the requirement 
for engineering controls and enables ef-
fective mine planning to achieve the clo-
sure objectives. 

• The prevention of AMD relates to avoid-
ing sulfide mineral oxidation as much as 
practicable, by preventing the interaction 
of the principal constituents of the AMD 

Figure 1. Canterbury Coal Mine circa 2012 prior to the purchase by Bathurst
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production process (sulfides, oxygen, and 
to a lesser extent water) through processes 
such as encapsulation and compaction.

• Where prevention is not possible, the ob-
jective is to minimise the contaminant 
load reporting to the receiving environ-
ment. This often involves minimising the 
interaction of sulfide oxidation products 
with water (e.g., run-on water, net perco-
lation).

• Any remaining AMD will be controlled 
to prevent the release of untreated AMD 
influenced water to the receiving environ-
ment, and diverted to a single point for 
treatment.

Application of this strategy, based on an 
informed risk assessment, included three 
stages:
1. Control and treatment of legacy AMD 

issues immediately;
2. Achievement of longer term improvements 

in site water quality through prediction, 
prevention, and minimisation techniques; 
and

3. Development of closure water manage-
ment that would minimise long term 
liabilities.

Stage 1: Control and Treatment of Legacy 
AMD
The first task to address legacy issues was to 
identify and quantify the source of the AMD. 
Data identified this as the historic Shearers 
Dump, a legacy landform from the previous 
mine owner that had numerous AMD seeps 
(Figure 2). These seeps generated a significant 
amount of the site’s acidity load (pH 2-3; 
acidity 800 – 2500 g/m3 CaCO3 equivalent) 
but were low flow ranging from 0.03-0.06 L/s 
during dry periods when there effects were 
most pronounced.

A passive treatment system was proposed 
to treat these low flow, high acidity seeps with 
a Mussel Shell Reactor (MSR) being selected 
as being suitable (Figure 3). Further details 
on MSR design and performance are available 
(Robertson et al. 2017).

In addition to the MSR an active lime 
(CaOH)2 dosing tank and sprinkler irrigation 
system was established to provide direct 
neutralisation to the main treatment pond as 
a contingency for any acidity not treated by 
the MSR. CC02_tele monitoring data (Tara 
Stream site discharge) indicated a marked 
improvement in pH and acidity levels 

Figure 2. January 2018. Seepage sites associated with the historic Shearer’s Dump (red dots).
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following the installation of the MSR and lime 
treatment (Figure 4). Further improvements 
were required to maintain higher pH values 
consistently. This included refinements to 
the water management processes and other 
prevention and minimisation engineering 
controls.

Stage 2: Prediction, Prevention, and 
Minimisation Techniques
In conjunction with control and treatment 
of AMD, source control techniques were 
developed to prevent and minimise the 

Figure 4. Tara Stream discharge (CC02_tele) pH. Timeframes shown for each stage. The Mine was purchased 
by Bathurst in late 2012.

Figure 3. The first MSR installed at CCM followed the above basic design

amount of AMD impacted water that 
required treatment. This also coincided with 
the development of the new ex-pit engineered 
landform, the North ELF (Figure 2) and the 
decision to construct the ELF using a best 
practicable approach for AMD management.

The first task was to characterise the 
overburden using acid base accounting 
(ABA) methodologies (e.g., AMIRA, 2002). 
Over 600 samples of drill core were analysed 
(total and sulfidic sulfur, acid neutralising 
capacity (ANC), paste pH, and Net Acid 
Generating (NAG) pH). These data were used 
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placed such that the ingress of oxygen was 
prevented and net percolation through the 
waste rock was minimised thereby reducing 
the transport of stored acidity to the receiving 
environment. This included the following 
techniques:
• Lift height controlled by paddock dump-

ing followed by dozer levelling, usually 1 
m – 2 m lift height

• After flattening by dozer, trafficking of 
loaded dump trucks during paddock 
dumping of the subsequent lift ensures 
waste rock was well compacted

• Placement of PAF within the core of the 
ELF surrounded by NAF

• When constructing in-pit ELFs, tip heads 
were not used except during initial pit in-
fill below the pit crest level as there would 
be no advective draw possible through the 
ELF toe

• The development of trigger action re-
sponse plans (TARPs) in case poor water 
quality developed (in this instance, a MSR 
was proposed as part of the adaptive man-
agement approach)

• Training was provided to all staff, with 
supervision, so that the team understood 
the importance of AMD management and 
the risks for the business if this was not 
achieved.

to classify materials (Figure 5) in regards to 
AMD risk with the classification including 
acid neutralising (AN), non-acid forming 
(NAF), low risk potential acid forming (Low 
Risk), and Potentially acid forming (PAF).

The AMD materials classification scheme 
was a significant improvement on the 
previous system and:
• Reduced samples in an ‘uncertain’ clas-

sification category, which was difficult for 
operational staff to understand and act on

• Minimised testing requirements
• Reduced analysis costs – less samples re-

quired
• Simplified modelling processes.

The AMD materials classification scheme 
and the geology model was used to develop 
a new AMD waste rock block model (Figure 
6), which enabled materials scheduling to be 
completed. This facilitated mine planning 
to ensure PAF rock could be segregated 
and encapsulated to prevent oxidation. The 
materials schedule also confirmed that the 
site was net non-acid forming from an ABA 
perspective, and that if PAF materials were 
managed in an appropriate manner the risk 
for AMD impacted drainage would be low.

An ELF Construction Management Plan 
(CMP) was developed and implemented 
to ensure overburden and interburden was 

Figure 5 Canterbury Coal process flow ABA classification scheme
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The North ELF was constructed from 2017 to 
2019 in accordance with the CMP developed 
through the AMD Management Strategy 
and AMD Management Plan. As a result 
of this robust planning and construction 
process, the resultant water quality was 
within compliance limits and distinctly better 
than previous waste rock dumps where PAF 
management was not addressed. Figure 7 
shows the discharge pH from the toe of the 
North ELF (CC20). No treatment for AMD 
has been required for the North ELF due to 
successful construction management.

Stage 3: Closure Water Management 
Strategies
The performance monitoring for the North 
ELF showed that the AMD management 
approach and engineering controls were 
effective, enabling closure objectives to be 
achieved for that catchment. By mid-2018, 
results in the Tara catchment were also vastly 
improved due to AMD treatment (Figure 4) 
but the elimination of AMD had not been 
addressed. In 2018-2019 the historic Shearers 
Dump was removed, re-handled, and placed 

Figure 6 Cross-section through the ABA block model. A greater proportion of PAF rock lies at the top of the 
sedimentary sequence due to marine influence during deposition. Note the historic Shearers Dump overlying 
the pit shell on the righthand side of the image. Coal blocks report at PAF.

Figure 7 pH at CC20 (North ELF toe Pond 2 discharge point or the pond itself when not discharging) 
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within the Water Tank pit and Frew Hill ELF 
in accordance with the AMD Management 
Plan using the engineering controls: 
scheduling, encapsulation and compaction.

This approach was successful with site 
runoff now reporting to the treatment pond 
as circum-neutral pH (Figure 4), moving 
from a regime of constant AMD treatment 
(MSR, lime dosing) to occasional lime 
dosing to buffer pH to 7.5 – 8 pH to aid Zn 
removal. Boron remained elevated and was 
not removed by pH correction.

Mine Closure 
Mine Closure Strategy and Risk Assess-
ment
A new mine closure and rehabilitation 
strategy was developed for the mine once 
early closure was initiated, and a broad-brush 
risk assessment undertaken to identify key 
closure risks. 

Closure required rebuilding the materials 
schedule, mine planning, final landform 
design and design of final water management 
structures that needed to meet agreed closure 
objectives. Mine closure stages included:
• Operational Mining Phase – scheduled 

mining through to June 2021 with place-
ment of overburden to create the agreed 
closure landforms. Active treatment 
methodologies to remain in place.

• Operational and Active Closure Phase 
– Final landform construction involving 
bulk earthworks, placement of topsoil, re-
vegetation and removal of infrastructure 
features used during mining. Surface wa-
ter is managed and discharged via pump-
ing from N02 Pit sump with periodic ac-
tive lime dosing as required. 

• Post Closure Phase – Adaptive manage-
ment of mine impacted waters and pas-
sive MSR treatment technologies sup-
ported by performance monitoring and 
trigger actions response plans (TARPs).

The risk assessments identified two key mine 
domains (Figure 8) that required additional 
management to achieve successful closure of 
the site:
• Green ELF underdrain (CC02 underd-

rain) – which is elevated in Al, B, Fe, Mn, 
Ni, and Zn

• N02 Pit Pond – which is within the final 
pit and in the TARA catchment.

Materials Management
The waste rock block model was used to ensure 
PAF materials were placed within ELFs in the 
appropriate manner. Where possible all PAF 
highwall exposure were covered with NAF, 
although the rock exposed in the footwall 
(Figure 8) could not be covered due to the 

Figure 8 Plan showing ABA classification of insitu rock under only shallow cover within the final landform.



IMWA 2022 – "Reconnect" 

476 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

shortened mine life, the exposed footwall 
rock is NAF.

Data indicated that the life of mine 
materials movement was dominated by NAF 
materials (Figure 9), which supports the 
analysis that at closure the overall NAPP for 
all materials moved was negative (-4.9 kg/t 
CaCO3 equivalent). During mine closure 
earthworks there was a greater proportion 
of Low Risk materials moved and lesser NAF 
(Figure 9).

Closure Water Quality
Closure planning required an assessment 
of long term water quality and flow rates 
to understand what water management 
activities (treatment, dilution) would be 
required in the post closure phase. A study 
was undertaken to confirm the most suitable 
approach to minimise long term treatment 
liabilities. 

Water quality data indicated the key 
contaminants of concern were Al, Fe, Mn, Ni, 
and Zn, which were associated with AMD, 
and boron, which is found in the sedimentary 
rocks at the site. The study identified the 
need for a small MSR to passively treat water 
emanating from the CC02 underdrain for 
AMD contaminants that included Al, Fe, 
Ni, Zn and Mn. It was identified that Boron 
would not be removed by the MSR treatment 
and diluting flows would be required.

Water quality data for the CC02 
underdrain from the Green ELF (Figure 10) 
showed the following trends:
• Decreasing flow rates due to mining in 

the catchment and the removal of under-

ground workings (and their associated 
seepage)

• Relatively consistent Mn, Zn, and SO4 
concentrations, but decreasing loads due 
to decreasing flows

• Decreasing acidity and Fe concentrations 
(and loads)

• An increase in boron concentrations in 
the last couple of years.

Water quality expectations were developed 
for the N02 Pit Pond, which was an important 
management feature for closure, providing 
the diluting flows for the elevated boron from 
the CC02 Underdrain. Empirical data from 
other mine domains (e.g., North ELF, CC20 
monitoring site were used to estimate water 
quality at closure).

Adaptive Management
Adaptive Management will be used for 
mine closure activities at the CCM where 
uncertainty exists for key AMD related risks 
(Weber, 2021). Adaptive management is a 
recognised management option under the 
Resource Management Act (RMA) (e.g., 
Leckie, 2017). Effective adaptive management 
is supported by understanding the nature and 
duration of possible events that could occur, 
monitoring these events, and then having 
options in place should there be variance 
from the expected condition. This requires: 
• Understanding the risks
• Monitoring (as early warning, i.e., perfor-

mance monitoring)
• Variance planning
• Trigger Action Response Plans (TARPS).

Figure 9 Materials Balance
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Figure 10 Contaminants of concern as measured from CC02 underdrain.
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• A number of TARPS have been developed 
for the water treatment system for both 
active closure and post closure phases. 
This includes TARPs for:

• Water quality and triggers for when man-
agement may be required.

• Water quantity and triggers when addi-
tional management may be required for 
dilution.

• MSR treatment performance.

The MSR passive treatment system and the 
N02 Pit Pond diluting flows are key aspects 
of the long term AMD treatment system, 
designed to minimise longer term liabilities.

Closure Treatment Systems
The CC02 underdrain drains historic 
underground workings (and the adjacent 
hill behind workings) and collects seepages 
through the Green ELF. The CC02 underdrain 
flows continuously with very low flows of 
around 0.05 L/s – 0.08 L/s. A small passive 
treatment is required to treat discharge 
from the CC02 underdrain for some metals, 
but only minor acidity as drainage is 
circumneutral pH. Its location is shown in 
Figure 11. 

Underdrain water is collected by a pipe 
inserted (and sealed to limit oxygen ingress 
back into the ELF) directly into the CC02 
underdrain. This prevents surface water flows 
(potentially elevated in sediment) entering 
the Tara MSR through the post closure period 

when revegetation is establishing. The Tara 
MSR will target treatment including:
• Removal of Fe (which is potentially in the 

ferrous (Fe2+) speciation) by aeration (in 
standing water on the surface of the MSR), 
hydrolysis to form insoluble Fe(OH)3 
precipitates, and filtration through the 
mussel shell media

• Removal of Zn and partial removal of Mn 
through either co-precipitation/adsorp-
tion to Fe precipitates or direct precipita-
tion to form insoluble Zn precipitates.

The design of the down flow MSR (e.g., Figure 
3) consists of:
• Installing an underdrain network at the 

base of a sump measuring 24 m long by 
5 m wide

• Filling of the sump with a 1 m deep layer 
of mussel shells resulting in a shell layer 
surface area of 94 m2 at the top and a shell 
volume of 53 m3

• A water column depth above the shells of 
up to 0.5 m (including freeboard) to pro-
vide driving head and hold up to 58 m3 of 
untreated water

• Design capacity to enable regular sludge 
removal as required (monitored by stage 
height logger)

Early trials confirmed that the MSR would 
not reduce boron concentrations. To manage 
the elevated B concentrations during the 
active closure phase, the effluent from the 

Figure 11 MSR Passive Treatment system design
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MSR will be diluted with clean water from the 
sites potable water supply (up to 0.2 L/s) to 
ensure compliance with boron water quality 
limits. Post closure, the dilution is expected 
to derive from decanting flows from N02 Pit 
Pond, which has been designed to provide 
0.48 L/s.

Progress
At the time of preparing this paper the 
operational phase of mine closure is nearing 
completion, with only 2.2 ha of topsoil /
revegetation (seeding) remaining of the total 
site footprint of 59 ha (Figure 12). A number 
of drains remain to be lined to ensure erosion 
prevention meets closure criteria. Water 
quality being measured in the N02 Pit Pond 
are already showing comparable levels of 
AMD contaminants to analogue models used 
to predict water quality at closure.

The Tara MSR is currently going 
through its commissioning phase. During 
commissioning effluent water is returned 
to the site surface water system via pumps. 
Four months of water quality data has 
been recorded to ensure the system is 
working as designed and that contaminant 
concentrations are low achieving closure 

Figure 12 Site View showing final rehabilitation efforts and the N02 Pit Pond area.

water quality criteria. Once commissioning is 
complete a potable water source will be used 
to dilute the MSR effluent to ensure boron is 
compliant with water quality objectives. 

Table 1 summarises the MSR data 
acquired during the commissioning phase. 
Results show that the MSR is removing > 98% 
of Fe, Ni, Zn, and acidity. Removal of Mn is 
>85%, far higher than the 33% observed 
during earlier site trails. The MSR is also 
removing 25% of SO4, which again exceeds 
expectations of the MSR. 

Expected Outcomes of Mine Closure
Current performance monitoring data are 
showing that the Canterbury Coal Mine is 
heading towards a successful mine closure 
process that meets the expectations of its 
AMD strategy for the site which includes:
1. Control and treatment of legacy AMD 

issues immediately;
2. Achievement of longer term improvements 

in site water quality through prediction, 
prevention, and minimisation techniques; 
and

3. Development of closure water manage-
ment that would minimise long term 
liabilities.
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Results suggests, the ability to return the 
site to pre-mining activities (production 
forestry and farming) with effect of acidic 
rock drainage being eliminated and only 
minor passive treatment being required. 
Performance monitoring will be required 
to confirm that all systems are working 
effectively, but should decrease in intensity 
with time, concurrent with decreasing 
uncertainty and risk such that the site can be 
handed back to landowners
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Table 1 Expected MSR inflow and expected removal (MSR model) versus actual MSR commissioning data

Median 
CC02 

historic

Median 
removal % - 

Model
Median MSR 

influent
Median MSR 

Effluent

Median MSR 
performance 
(%removal)

Flow Rate Rate 0.08 0.058 0.048

 pH 6.4 6.3 7.3

Lab Electrical Conductivity 
(mS/m) 110 129

 Manual DO mg/L 4.41 0.48

 Manual DO % 62.95 5.1

 Calc acidity 54.3 98 14.6 0.1 99%

 Sulphate  (mg/L) 1130 522 391 25%

 Al (mg/L) 0.005 0.005 0.003 40%

 Fe (mg/L) 20.4 98 5.3 0.05 99%

 Ni (mg/L) 0.089 83 0.039 0.0008 98%

 Zn (mg/L) 0.55 88 2.03 0.004 99.8%

 As (mg/L) < 0.001 0.007

 B (mg/L) 2.3 1.4 1.4 negligable

Cd (mg/L) < 0.0002 < 0.0002 negligable

Ca (mg/L) 235 -25 118 169

Cr (mg/L) < 0.001 0.001 negligable

Co (mg/L) 0.0319 < 0.0005

Cu (mg/L) < 0.0005 < 0.0005 negligable

Pb (mg/L) < 0.0005 < 0.0005 negligable

Mg (mg/L) 115 53.8 49.5 negligable

Mn (mg/L) 2.6 33 1.76 0.24 86%

Hg (mg/L) < 0.0005 < 0.0005 negligable

Total Hardness 1047 -13 516 621
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Abstract
Natural Resources Wales (NRW) sought costs of metal mine intervention measures 
for ongoing River Basin Management Planning. A methodology was implemented 
reviewing and assessing the evidence base, including Reasons for Not Achieving 
Good Status (RNAGS), to identify where interventions could lead to status change or 
significant betterment.

Mines were classified Red/Amber/Green based on existing reports, experience, pho-
togrammetry and GIS mapped layers. Estimated total costs for intervention measures 
like capping or water treatment systems at 129 Red mines and further assessment of 
140 Amber mines are c.£282M. The Metal (Non-Coal) Mine Programme progressed 48 
mine desk studies: example briefs are included. 
Keywords: Catchment appraisal, Legacy mines, Water Environment Regulations, metal 
mine interventions
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Introduction 
The Water Framework Directive (WFD) was 
enacted initially by UK parliament as The 
Water Environment (WFD) (England and 
Wales) Regulations enabled in January 2004, 
since revoked and replaced by equivalent 2017 
regulations. The regulatory requirements 
included the development of monitoring 
programmes to characterise River Basin 
Districts (RBDs), classify waterbodies, and 
identify a programme of measures to prevent 
deterioration and achieve Good status for all 
waterbodies. NRW as the appropriate Agency 
for Wales has a duty to set environmental 
objectives and define a programme to achieve 
these objectives for their RBDs in River Basin 
Management Plans (RBMPs), which are 
reviewed and published in six-year cycles. 
Cycle 3 is 2021–2027.

The objectives and measures are to prevent 
deterioration and protect, enhance, or restore 
each surface waterbody to Good ecological 
and Good chemical status. Heavily modified 
surface waterbodies should achieve Good 
chemical status within equivalent timeframes. 

Groundwater bodies should also be protected 
from deterioration, by preventing or limiting 
pollutant inputs and managing abstraction 
to achieve Good groundwater chemical 
status and Good groundwater quantitative 
status, reversing any significant and sustained 
upward trend in pollutant concentration 
caused by human activity. 

NRW can stipulate reasons for not 
achieving deadlines for objectives, such as 
the scale of improvements required exceed 
the timeline, the interventions are cost-
disproportionate or natural conditions do not 
allow improvement. The Cycle 3 timescale 
of 22nd December 2027 has exclusions for 
certain priority substances and in Wales is 
pertinent for Pb (priority substance 20). This 
timeline may under certain circumstances be 
extended to 22nd December 2033. 

To assist WFD RBMP Cycle 3 planning, 
a Failing Waterbodies Assessment [Coal 
Authority 2020] reviewed where and why 
waterbodies were failing to achieve Good 
status in relation to metal mine pollution. 
This provided broad programme-level 
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budget estimates using key interventions at 
higher-risk polluting metal mines to achieve 
betterment or status change of failing rivers. 

NB: For Welsh translation afon = river, 
nant = stream, mwyn = mine, cwm = valley

Methodology
NRW updates evidence of surface water and 
groundwater chemistry, resource potential of 
selected groundwater bodies and ecological 
health of river systems. This evidence 
enabled NRW to characterise waterbodies 
in RBMP cycles one and two, identifying 
56 failing surface waterbodies, including 
two lakes, across fourteen river systems 
and one groundwater body with single or 
multiple metal mines identified as RNAGS. 
The waterbodies, the status, monitoring 
locations, waterbody classification points, 
metal mine locations, designations, base 
mapping and photogrammetry were used on 
a Geographical Information System (GIS), 
providing a database for screening mine 
sites within polluted waterbodies.

Metal loading data for waterbodies 
and mine sites, particularly point source 
discharges (adits), were used in combination 
with geo-environmental, habitat or heritage. 
NRW metal mine staff supplemented this 
using personal knowledge and experience of 
river system WFD reports, historical metal 
mine publications, known and uncertain 
metal mine pollution risks from point and 
diffuse sources, periods of exploitation, ore 
recovery, processing and production.    

Simple estimates of the required 
loading reduction were made, based on 
the SIMCAT (Simulation of Catchments) 
model outputs used in the NRW WFD 
reports. Standardised metal mine treatment 
costs were adopted based on Coal 
Authority experience for passive Vertical 
Flow Pond (flows below 10 L/s) and active 
High Density Sludge (flows above 10 L/s) 
treatment systems. Capital and Operational 
Expenditure costs were estimated over 
forty years for treatment works. 

Existing framework rates were used for 
estimating design and construction costs of 
capping or erosion protection engineering 
measures as surface water management 
systems. Quantitative estimates for each 

site used exposed mine waste tips with 
areas estimated from aerial photos and 
historical maps. 

Parys Mountain, a Volcanic Massive 
Sulphide deposit heavily mined in the 18th 
and 19th centuries, was excluded from 
engineered mitigation measures due to the 
cavernous open-pits and exposed spoil. The 
flows and loading provide unique discharges 
in Wales that will require substantial 
water treatment systems, which costs were 
estimated on total flows and Afon Dulas 
seasonality.

All projected costs were discounted over 
a forty-year whole-life period in accordance 
with NRW economist advice and included 
major capital refurbishment after twenty 
years’ service.

The methodology applied three simple 
questions:
1. Is the waterbody failing as a result of a 

metal mine input?
2. Would removal of metal mine input 

improve the status of waterbodies 
relating to metals?

3. Is there any evidence that treatment is 
technically infeasible?

Overview, Uncertainties and Implica-
tions for Future Actions
Fourteen river system reports and one 
groundwater report were published. For each 
failing waterbody in the river system, mines 
from the national inventory were assigned a 
RAG pollutant risk classification as follows: 
Red mines, known or highly likely to pollute; 
Green mines, unlikely to pollute; and Amber 
mines, requiring additional evidence to 
qualify their status as either Red or Green. 
Overall, 129 Red, 140 Amber and 278 Green 
mine sites were identified.  

Confidence ratings of High, Medium or 
Low were attributed to the evidence base 
and assessments undertaken. Derived cost 
estimates were uplifted by 50% in the case 
of high confidence, 100% with medium 
confidence and 200% with low confidence 
(Table 1) reflecting the uncertainty associated 
with implementing improvement measures 
on limited evidence. Comparative target cost 
estimates for individual sites during detailed 
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design stage are typically uplifted by up to 
40% to accommodate unknown risks. Poor 
evidence is a concern and the application 
of generic mitigation for site assessments 
means that cost estimates include a range of 
uncertainties. This extends to uncertainty 

over the cost effectiveness of the proposed 
intervention measures, recognising that 
accepted monetised benefits due to water 
quality improvements are only part of the 
well-being and future generation benefits 
gained from waterbody status change.

Table 1 Mitigation Cost Summary (Coal Authority 2020).

River System SWB* 
affected

Length 
impaired 

(km)

Remedial 
Cost 
(£M)

Cost/km 
Improved

(£M)

Length 
Status 

Change  (km)

Cost/km 
Status 

Change (£M)

RCR*

Goch Amlwch 1 3.5 26.5 7.68 3.5 7.68 M

Goch Dulas 1 3.8 4.1 1.51 3.8 1.51 M

Conwy 3 84.3 30.7 0.36 73.1 0.42 H

Clywedog* 4 30.0 31.7 0.84 30.0 0.84 L

G & Dwyryd$ 3# 39.5 5.7 0.14 14.9 0.38 L

Mawddach 4 32.5 7.5 0.23 25.6 0.29 L

Dyfi 4 53.8 17 0.32 38.1 0.45 L-H

Severn 9 113.6 3.6 0.03 37.1 0.10 L

Leri 3 32.1 14.2 0.44 18.4 0.77 L

Clarach 2 25.4 15.7 0.62 25.4 0.62 L-H

Rheidol 7# 68.1 53.7 0.79 41.8 1.29 M

Wye 6 55.3 6.6 0.12 47.2 0.14 L

Ystwyth 4 53.6 34.4 0.64 31.9 1.08 L-M

Teifi 3 41.8 11.4 0.27 41.8 0.27 H

Tywi 2 69.3 12.5 0.18 0 N/A H
*SWB = surface waterbodies *RCR = Risk Confidence Rating *Clywedog, Trefnant Brook & Y Garth $Glaslyn & Dwyryd   
#includes 1 Lake

A recent Defra consultation on Water 
Quality Targets in England proposes actions 
to improve 50% of their metal mine affected 
rivers to meet chemical Environmental 
Quality Standards (EQS) (Defra 2022). This 
river system methodology identifies the 
difficulties in such an approach, especially 
with highly-polluting sites like Parys 
Mountain and Cwmystwyth, those with 
diffuse pollution like Dylife, Wemyss, Gwydir 
mines or in river systems that have numerous 
polluting mines like the Rheidol, Ystwyth, 
Clarach and Conwy. Consideration of targets 
based upon significant reduction of metal 
loading, ecological health for individual river 
systems, or developed chemical targets above 
current EQS are considered more realistic 
and achievable for Wales.

Some RNAGS were observed with 
waterbody classification points upstream 
of mine point source discharges or, in the 
Afon Tywi, located on a tributary unaffected 
by metal mines. Coastal waters were 
not accounted for despite an NRW Area 

Statement relating to the marine environment. 
Relatively larger sediment loadings are 
anticipated from Parys Mountain and from 
the coastal confluence of the Rheidol and 
Ystwyth. Sediments already entrained in river 
systems are difficult to assess, characterise or 
address. Future management or treatment 
of river sediments or treatment media will 
need to align with Sustainable Management 
of Natural Resources and Natural Resources 
Policy principles despite their high metal 
content.

Prioritisation & Case Studies
Intervention at the 129 Red mines and 
simple assessment of 140 Amber mines was 
estimated to cost c.£282M, which with risk 
could double. Some individual river system 
reports identified single principal pollution 
sources - Nant y Mwyn on the Afon Tywi, 
Trelogan West on Afon y Garth, Pengwern 
on the Afon Tanat, plus Parys Mountain on 
Afon Goch Amlwch and Afon Goch Dulas. 
Other river systems were more complex 
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due to mineral exploitation at many mines 
providing multiple pollution sources, like the 
Conwy, Dyfi, Severn, Clarach, Ystwyth and 
the Rheidol, which has 124 abandoned metal 
mines associated with the seven waterbodies, 
23 of which are Red sites.

Recommendations were made to help 
prioritise the Metal (Non-Coal) Mine 
Programme (MMP) for the long-term. Three 
strands of prioritisation were made, the 
first being to develop, design and construct 
mitigation schemes for those sites with 
high confidence. The second aspect was to 
undertake feasibility at sites with medium to 
high confidence, and lastly at low confidence 
sites and waterbodies, targeted investigations 
to gather evidence to provide greater 
confidence for feasibility or not. A Catchment 
and Mines suite of 48 mine studies was 
programmed to help assess the low confidence 
Red and Amber mine sites to ensure the MMP 
endures without construction gaps. Five Lots 
were prepared, the first four procured in 2020 
primarily on the Conwy, Dyfi and Severn, 
Leri and Clarach, and Wye. Lot 5 covering 
selected mines on the Rheidol and Ystwyth 
was completed in July 2022. The following 
sites have now been brought forward into our 
MMP.

Afon Tywi: Nant y Mwyn is located 
near Rhandirmwyn, Carmarthenshire. It 
was exploited for long periods from the pre-
Roman period until final closure in 1932, with 
current metal (Pb, Zn, Cd) loading of c.20 t/y. 
NRW has invested in source apportionment 
studies to establish key inputs on Nant y Bai 
and Nant y Mwyn, which contribute to Zn 
WFD failure for 25 km of the Afon Tywi. 
These studies enable progression to feasibility, 
with evidence gathering ongoing.

Afon Clarach: Cwmerfin & Bronfloyd 
mines are situated in the Upper Clarach 
catchment between 8 and 11 km ENE 
of Aberystwyth, an area heavily mined 
since Romano-British times. Cwmerfin is 
recorded as operating in the last part of the 
18th century and then again from 1848 to 
1889 producing 10,022 t of mostly Pb ore 
with minor Zn and Cu. The lode was worked 
to the NNE of Nant Erfyn, which when 
driving the Deep Adit encountered a rich 
orebody extending almost to the surface. 

Workings were extended to the SSE below 
the stream. Remediation work to the spoil 
tips and capping of shafts was conducted 
in the 1990s with slopes trimmed to 1 in 4 
around edges with taped visqueen polythene 
membrane, a 40 cm cohesive layer and a 50 
cm soil cover. Where 1 in 7 slopes existed, 
the same membrane and soil cover was 
applied. Surface water monitoring indicated 
upstream loading of 161 kg/y of metals (Pb, 
Zn) and downstream loading of 854 kg/y. 
Uncertainty remained over groundwater 
input as upstream flow was measured as 12.5 
L/s and downstream as 95 L/s. Both data sets 
indicate another source, potentially mine 
workings, as the Deep Adit Level was not 
located during the site visit and is suspected 
to be discharging downstream of the lowest 
water sampling point used (WSP 2022b). 
Upstream are located several small mines 
and Bwlch Consols that received equivalent 
remedial work in the 1990s.

Bronfloyd mine is lower in the river 
system on the Nant Silo, below the confluence 
of the Erfyn and Symlog. It is one of the oldest 
recorded mines in the county, operating 
from as early as 1600, closing in 1645, and 
again from 1851 to 1892 when it recorded 
6,607 t of ore, primarily Pb. The steeply 
dipping Camdwr lode strikes NNE-WSW 
has three branches each 30 m apart. The 
north and middle branches were productive, 
the south unproductive, and all converge to 
the East. Workings extend to 104 fathoms 
(190 m) (Jones 1922) and a collapse at No 3 
Shaft, below 80 fathoms (146 m), extended 
to the surface as subsidence, providing 
ongoing geotechnical issues. Surface water 
monitoring in February and August 2021 
with downstream flows of 1900 L/s and 4.5 
L/s respectively indicated metal loss, with 
upstream metals loading (Pb, Zn) of 12,906 
kg/y (February), 33.7 kg/y (August) and 
downstream 12,237 kg/y (February), 21.6 
kg/y (August). Spot sampling did not indicate 
significant release of metals from obvious 
above ground sources, however Summer 
monitoring identified loss of almost half the 
stream flow to ground (WSP 2022a) and 
with subsequent re-emergence unknown. 
Decreased metal loading downstream could 
result from groundwater recharge dilution 
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or degassing of mine waters. Significant 
upstream sources include Cwmerfin, 
Cwmerfin Deep Adit Level, the dressing floor 
at Pont-bont Rhydybeddau, Darren mine and 
Cwmsymlog. A separate study at Cwmsymlog 
indicated metal loading of 523 kg/y (Pb, 
Zn), identifying key source uncertainties 
remaining. A further source apportionment 
study on the Upper Clarach river system is 
now programmed.

Afon Severn: Pengwern mine is on the 
southern flank of the Berwyn Mountains 
straddling the Afon Tanat, a tributary of 
the Afon Severn adjacent to the village of 
Llangynog, Powys. The Tanat flows easterly 
with most mine workings and main shafts 
south of the river, but the most recent 
Pengwern Shaft is to the north. Pengwern 
forms part of the South Llangynog mines 
operating from 1692 to 1899, though 
documented in 1656 and speculated as 
having Roman interest. It is considered one of 
the most productive Pb mines in Mid Wales, 
generating c.37,800 t of Pb ore in the 18th and 
19th centuries. Part of the site was used by the 
District Council as a municipal tip between 
1966 and 1971. Stantec (2021c) identified 
a discharge to the north contributing to 
failure of the receiving Nant Cwmdwygo 
and Afon Tanat, but the principal discharge 
was from a partially blocked adit to the east 
that contributed mostly Zn metal loading 
estimated at 640 kg/y.

Afon Severn: Van mine lies 3 km 
northwest of Llanidloes, Powys on Pen-
y-Castell hill upstream of Llyn y Fan and 
the canalised Afon Cerist. The main Van 
lode strikes ENE-WSW, dips 74° South and 
is up to 14.6 m wide. The mine, one of the 
most productive in the UK, opened in 1850 
and produced 95,739 t of Pb, 28,424 t of 
Zn, 756,142 oz of Ag, barytes and witherite 
before closing in 1920.  Restoration work 
was conducted in the early 1990s. The tips 
benefit from taped visqueen polythene 
sheets, reduced slopes and cover materials 
similar to Cwmerfin. The blocked Deep Adit 
Level had a minor ochre stained discharge 
posing a potential blow-out risk and causing 
Zn and Cd failures in the stream to Llyn y 
Fan (Stantec 2021d). Recently recognised 
limestone filter beds from the spoil tip 

drainage provide point source discharges and 
with other pollution sources these are now 
being assessed for intervention measures. 

Afon Dyfi: Rhoswydol and Bacheiddon 
mines both contribute to the WFD failure 
of the Afon Crewi, a tributary of the Dyfi. 
Rhoswydol is in a steep incised valley with 
Green’s Mill straddling Nant y Fedw at its 
confluence with Nant yr Ych. Bacheiddon 
lies further south, spanning the catchment 
boundary between Nant y Fedw and Nant 
Cymdu. Both mines were active between 
1840 and 1877, being worked separately and 
collectively, utilising the mill to produce 
3,022 t of Pb. The Bacheiddon deep adit 
portal above Nant y Fedw is blocked by a 
collapse with saturated ground in front, 
but no continuous discharge, indicating a 
potential blow-out risk (Stantec 2021a). Spot 
monitoring identified a discharge of 1 L/s 
from the partially blocked Rhoswydol deep 
adit, contributing ≈10 kg/y of Zn, whilst the 
extensive spoil tips that bound the Afon Crewi 
downstream of the mill contribute 2,600 kg/y 
metals (Zn, Pb, Cd). Further assessment and 
source apportionment is now programmed.

Afon Dyfi: Havan mine is located 7 km 
east of Tal-y-Bont, Ceredigion, at the head of 
the Afon Cyneiniog, a tributary of the Afon 
Leri in the lower Dyfi catchment. The mine 
operated sporadically from 1620 until 1900 
and was often worked in conjunction with 
Henfwlch within the Rheidol catchment to 
the east. Both mines worked the same E-W 
striking lode, with an inference of hydraulic 
connectivity through fractures and proximity 
of the Havan open stope to a collapse on 
Henfwlch workings. Recorded outputs 
are 652 t of Pb, Zn and Cu, primarily Pb. 
Surface water run-off enters mine workings 
before emanating from the deeper Adit 5 
portal, which has collapsed. Spot monitoring 
calculated loading as 350 kg/y (Pb and Zn) 
(WSP 2022c) with surface water entry and 
a collapsed portal. Ongoing assessment will 
qualify mine hazards and metal loading 
incorporating studies at proximal Henfwlch 
and downstream Bwlchglas mines. 

Afon Wye: Nantiago, Dolminers, 
Nantygwrdy and Nanty mines are on 
the Afon Wye headwaters, 6 to 13 km 
west of Llangurig, Powys. Dolminers and 
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Nantygwrdy are on the opposite banks of 
the Upper Wye and operated independently. 
Nantygwrdy operated from 1865 to 1879 
producing 1,930 t of Pb and Zn. WSP (2021d) 
calculated loading to the Wye of 1,278 kg/y 
(Pb and Zn), a quarter of which is associated 
with the deep adit discharge. Dolminers 
operated from 1877 to 1884 producing 780 
t of mostly Pb and Zn. Diffuse source metal 
loading from the dressing floor is indicated 
as a large contributor to the total of 1,088 
kg/y (Pb, Zn), with potential blow out risks 
identified at the shallow and deep adits 
(WSP 2021a). Both these Amber mines are 
reclassified as Red. Upstream is Nantiago 
where the entire stream enters the workings. 
Although overall metal loading is low at 258 
kg/y, a fifth of which is associated with the 
deep adit discharge, simple surface water 
management interventions will help reduce 
loading to the Wye downstream. Nanty is 
5 km further downstream, operating prior 
to 1836, with main recorded production 
between 1856 and 1871 yielding 1,380 t of 
Pb and 9,482 oz of Ag. The mine contributes 
852 kg/y metal loading, mostly Zn, with 
surface water entry suspected, a blocked 
deep adit level with stable flow rate providing 
potential blow-out risk and geotechnical 
issues associated with steep hillside spoil 
tips. Collectively these mines are being taken 
forward with a view to direct interventions 
across the Wye headwaters.

Afon y Garth: Trelogan West and 
Trelogan mines are located 8 km northwest 
of Holywell in Flintshire, North East Wales in 
the Afon y Garth catchment. The mines were 
active from c.1700 to 1913 producing Pb, 
Zn, Ag and calamine (smithsonite) hosted 
in Carboniferous strata. Trelogan Lead Mine 
records from 1848 identify 5,009 and 22,888 
t of Pb and Zn produced respectively. The 
drainage adit level was driven south west in 
the 1780s from Saunders’ Dingle stream at the 
confluence with Afon y Garth. It is partially 
blocked at the portal, but a continuous 
strong discharge has highly elevated metal 
concentrations demanding further evidence 
gathering on loading and acquisition of 
habitat and heritage evidence to aid future 
interventions.

Conclusion
The Failing Waterbodies Assessment provides 
a reliable method for better understanding of 
each failing river system and the metal mines 
which pollute them. The RAG ranking has 
been essential for enabling targeted desk study 
work to gather evidence for supplementary 
studies to future-proof the MMP, once the 
key sites of Teifi Mines (Abbey Consols and 
Esgair Mwyn), Cwm Rheidol, Cwmystwyth, 
Dylife, Frongoch-Wemyss, Nant y Mwyn 
and Parys Mountain are completed. The 
attribution of typical remedial costs has 
been beneficial when sharing the scale of 
the metal mine issue with our sponsor, the 
Welsh Government that is keenly interested 
in facilitating clean-up.

The river system reports, and outputs of 
the brief case studies outline the complexity 
of certain river systems, indicating that 
targets in Wales would be more realistic and 
achievable if measured against ecology/river 
health or significant reduction of metals for 
each river system.
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Impact of Dewatering of the Planned Lignite 
Open Pit in Poland on the Water Environment 

on the Basis of Groundwater Flow Model
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Abstract
Due to completion of lignite production in the Konin Lignite Area, the opportunity for 
a new open pit construction was considered. In the vicinity of the new potential mining 
area, there are two open pits still in operation and a post-mining reservoir, which is under 
the process of flooding. The dewatering of these pits results in change of hydrodynamic 
conditions in the area, which will influence the mine water inflow into the new open pit 
and its environmental impact. Due to expected lowering of groundwater table, many 
lakes and protection areas can be influenced by cone of depression.
Key words: open pits, environment, groundwater modeling 

Introduction
Due to completion of lignite production in 
the Konin Lignite Area located in the central 
part of Poland, the opportunity for a new 
open pit construction was considered. The 
„Dęby Szlacheckie” deposit with geological 
reserves of 103.2 MT and lignite production 
capacity of 4.0 MT/year is an option (Czyż, 
Jagodziński 2008). Outside of the potential 
mining area, there are still two open pits in 
operation – „Tomisławice” open pit (8 km 
away) and „Drzewce” open pit (5 km away) – 
as well as “Lubstów” post mining void (7 km 
away), which is under the process of flooding 
(Fig. 1). As a result, the modeling study for 
the new open pit has been performed which 
took into consideration the changeable 
hydrodynamic conditions in the area 
influenced by dewatering of the neighboring 
pits as well as process of flooding the post-
mining reservoirs.

Site description and hydrology 
The southern part of the deposit “Dęby 
Szlacheckie” is located in the South 
Wielkopolska Lowland Macroregion and a 
northern part belongs to the Wielkopolskie 
Lakeland Macroregion (Kondracki 2000). 
The ordinates of the land are from 100 to 
150 m a.s.l. The uplands and hills are cut by 
shallow valleys created by erosion of post-
glacial waters, with small streams flowing 

in different directions. The average annual 
precipitation is between 550 – 600 mm 
depending on precipitation station location. 
Field evaporation is about 520 mm/y, while 
evaporation from the free water surface 
exceeds the precipitation and averages 790 
mm/y (Dąbrowski 2002). About 10 km from 
the northern part of the “Dęby Szlacheckie” 
deposit the first-order watershed runs, 
separating the Odra and Vistula basins 
(Fig. 1). The major river for the deposit 
area is Noteć River with mean annual 
flows amounted to 1.42 m3/s. The average 
groundwater runoff from this area accounts 
from 0.9 l/s/km2 to 2.19 l/s/km2 (Graf 
2003, Orsztynowicz, Wierzbicka 1970). The 
described area is classified as the zone of the 
lowest outflows in Poland. A very significant 
element of hydrology of this region are lakes 
mainly groove and postglacial ones. 

Geological and hydrogeological 
conditions
The region of the deposit lies in the northern 
part of the basin called niecka mogileńsko-
łódzka, which roof is formed by upper 
Cretaceous sediments. Taking into account 
the dewatering conditions, two hydrogeology 
complexes have been determined within 
this area: Quaternary complex and Neogen 
– Paleogen- Cretaceous complex. The 
hydrogeological conditions in these areas 
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are characterized by four aquifers – two over 
and two below the lignite seam (Fig. 2). The 
first aquifer (Quaternary) of free water table 
consists of the sands and gravels just below 
the terrain surface. Its thickness is from 1 to 
10 m and average permeability of 0.000174 
m/s, but sometimes in old buried valleys it 
reaches thickness of 30 m and permeability 
of 0.000347 m/s. The second aquifer 
(Quaternary) is located in sandy layers and 
lenses within clays with thickness 10 – 20 
m and permeability varies from 0.000058 to 
0.00029 m/s. The third aquifer (Neogene-

Paleogene) is located in the fine widespread 
Neogene and reduced Paleogene sands 
underlying the lignite seam. Its thickness 
varies from 10 to 60 m and permeability from 
0.000012 to 0.00017 m/s. The fourth aquifer 
occurs in the fissured Cretaceous marls and 
limestones underlying Neogene – Paleogene 
sands, with permeability coefficient from 
0.000034 to 0.00035 m/s. The specific yield 
of aquifers varies from 0.06 to 0.203 and 
storativity varies from 0.00015 to 0.002 
(Szczepinski 2018). 

Groundwater in the Quaternary aquifers 

Figure 1 Hydrographic map of the „Dęby Szlacheckie” lignite deposit area (modified from Stachy ed., 1987). 
Explanations: 1- first order watershed, 2-other watersheds, 3-hydrometric station, 4-precipitation station, 
5-hydrogeological cross section.

Figure 2 Hydrogeological cross-section through „Dęby Szlacheckie” lignite deposit (Szczepinski, Straburzyńska-
Janiszewska 2015). Explanations: 1-sands, 2- glacial tills, 3 – clays, 4-lignites, 5-limestones, 6-marls and 
dolomites, 7-silstones, 8-anhydrites, 9- stratigraphic boundary,10-faults, 11- Neogene-Paleogene-Mesosoic 
aquifer piezometric surface, 8-screeded intervals.
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are under unconfined and semi-confined 
conditions and Neogene-Paleogene and 
Cretaceous aquifers occurs under confined 
conditions. Slight isolation and sometimes its 
lack between the Cretaceous and Neogene-
Paleogene lignite underlying aquifer, enable 
hydraulic contacts between these aquifers, 
which is provided by the similar water table 
level and the low variability of chemical 
composition. 

The recharge areas are the moraine 
uplands occurring to the west of the deposit. 
The Quaternary water-table aquifer is 
recharged by infiltration of precipitation and 
the lower aquifers are recharged by leakage 
of water from the Quaternary aquifers 
or directly through the hydrogeological 
windows. The Quaternary water table is from 
120-140 m a.s.l. in the recharge areas to about 
90 -100 m a.s.l. in the area of   the drainage. 
The groundwater level in the Neogene – 
Paleogene – Cretaceous complex is few 
meters lower than in Quaternary aquifer 
and stabilize from 118 m a.s.l. to 90 m a.s.l. 
in the south part of the area where Warta 
River is drainage base and to 85 m a.s.l. in 
the north part (Głuszynskie Lake). In natural 
conditions groundwater was discharged by 
rivers and many lakes. Currently, as a result of 
the “Drzewce”, „Tomisławice” and “Lubstów” 
opencasts dewatering, they become the center 
of groundwater discharge for all aquifers in 
the western part of the area at a level of 30 – 
80 m a.s.l.

Mine dewatering
Lignite production in the "Dęby Szlacheckie" 
deposit was planned to be carried out in the 
years 2022-2042. The opening of the deposit 
is foreseen in the southern part of the deposit 
and the lignite production will progress to 
the north direction. It is assumed to start 
construction of the drainage system from 
2018. It is expected that groundwater will be 
lowered by pumping wells to the depth of 80 
– 110 m and the cone of depression will be 
developed in the Quaternary and Neogene-
Paleogene sands as well as in the Cretaceous 
marls and dolomites. Water from the drainage 
system will be discharged through a network 
of pipelines, ditches and canals to Notec 
River to the north and Warta River to the 
south. After the ending of lignite production, 

the post-mining reservoir located in the 
northern part of the “Dęby Szlacheckie” will 
be flooded.

Groundwater flow model
For modelling purpose a finite difference 
model has been used based on MODFLOW 
code (McDonald and Harbaugh 1988) in 
conjunction with the MODFLOW-Surfact 
code. The model was made on the basis of the 
model prepared and calibrated by the author 
for estimating the impact of dewatering of 
the foreseen lignite open pit “Mąkoszyn 
Grochowiska” (Szczepinski 2018). The 
modeling has been undertaken using the 
Groundwater Vistas (Version 5.36) software 
package. The conceptual model for the area 
was based on investigations undertaken by 
the Geological Institute and mining company. 
A three-dimensional numerical model has 
been developed, which covers an area of 
1293 km2

. The model is discretized with a 
uniform 250 m by 250 m grid, which gives a 
grid mesh of 181 rows and 155 columns. The 
model was divided into five vertical layers – 
three aquifers and two aquitards. The aquifers 
represent: 1. the upper Quaternary water 
table porous aquifer, 2. the lower Quaternary 
porous aquifer, 3. the Neogene-Paleogene-
Cretaceous-Jurassic porous – interstice 
aquifer which includes interconnected the 
sands and marls and mudstones. Between the 
aquifers, there are two layers represented by 
aquitards comprised of clays and silts.

The south and east external boundaries 
were determined by the rivers and lakes 
and the north boundary of the model was 
located far outside of the potential range of 
the cone of depression. Depends on types of 
hydrogeological interactions these boundaries 
are represented by 1. H = const. 2. Q = 0 and 
3. Q = f(H) boundary conditions. The west 
boundary of the model was located on to 
the east side of the “Tomisławice”, “Drzewce” 
and “Lubstów” open pits. The dewatering 
operations as well as the process of flooding 
the post mining open pits were modeled 
by progressive assignment of Modflow the 
Time-Variant Specified Head cells H = f(t) 
to active mining areas in accordance with 
the respective project mine plans and/or 
modelling studies performed for these open 
pits before. 
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Municipal wells located in the model 
were represented by boundary condition 
Q=const. Rivers and lakes inside of the 
model area were simulated using Modflow’s 
Drain and River packages Q=f(H) depending 
on the location in relation to the expected 
extent of the cone of depression, with 
streambed conductance from 0.001 to 5 
m/d. The dewatering operation of the “Dęby 
Szlacheckie” was modeled by progressive 
assignment of Modflow the Time-Variant 
Specified Head cells H = f (t) in accordance 
with the mine plan. The effective infiltration 
Q = const., varies over the area and depends 
on the lithology of the land. It differs from 
4.6 to 15.3% of average annual precipitation. 
To ensure appropriate representation of the 
change of effective infiltration during the 
groundwater table fluctuation, the recharge 
and evaporation packages were used for 
modelling studies (Szczepiński 2019).

Calibrated and verified model in transient 
conditions was used for calculation the 
groundwater flow conditions at the end of 
2013, when the hydrogeological report of 
the “Dęby Szlacheckie” deposit was revealed, 
along with data on the hydrogeological 
conditions of deposit (Krawczyk et al. 
2014). The calculations were made assuming 
quasi-steady flow conditions which were 
considered acceptable due to lack of impact 
of the neighboring pits on groundwater 
table in the area of the "Dęby Szlacheckie" 
deposit. The model was calibrated for steady-
state condition. The heads from steady-state 
runs were used as initial conditions for the 
transient simulation. 

In the next stage of calculation the 
predictive simulation was carried out for 
the period from 2013 to 2018, to determine 
the hydrodynamic conditions in the area 
of   the “Dęby Szlacheckie” deposit. In this 5 

year stress period the boundary conditions 
simulating the “Tomisławice” and “Drzewce” 
deposits dewatering and the “Lubstów” post-
mining reservoir flooding were assigned. 
Next, the heads from 2018 were used as initial 
conditions for transient simulation of “Dęby 
Szlacheckie” dewatering process in years 2018 
– 2042. It was assumed that the dewatering 
of this open pit are simulated in five stress 
periods: 2018-2023, 2023-2028, 2028-2033, 
2033-2038 and 2038-2042 by progressive 
assignment of Modflow the Time-Variant 
Specified Head cells H = f(t) in accordance 
with the mine plan. Its range has been limited 
by the area of   dewatering wells. The boundary 
conditions were assigned to the Neogene-
Cretaceous-Jurassic aquifer as the basic one 
from the dewatering point of view.

Results and discussion
The results of calibration and verification were 
evaluated taking into account the adjustment 
of the measured and simulated heads and 
groundwater flow as well as the simulated 
mine water inflow into the neighboring pits 
to the field measured inflow. 

The results for quasi-steady state 
conditions indicate effective infiltration of 
2.33 l/s/km2. The recharge from precipitation 
amounts to 13.4% for layer I, 8.2 % for 
layer II and 2.1% for layer III of the average 
precipitation for this area (0.55 m/y) (table 1). 
Layer I, which is almost totally recharge from 
precipitation is discharged to rivers and lakes 
(38.5%), while 61.5% of the groundwater 
percolate to lower layers. Discharge out of 
the model area represent mainly the drainage 
by dewatering system of “Drzewce” and 
“Tomisławice” open pits and “Lubstów” post-
mining void located in the western part of the 
area (Fig 3).

Layer Recharge from 
precipitation

Discharge out of 
the model area

Leakage from 
overlying layer

Discharge to rivers 
and lakes

Intake wells

I 199.8 1.1 − 77.9 −

II − 3.7 122.8 88.4 6.1

III − 16.0 32.0 5.6 10.5

Table 1 Groundwater balance at the „Dęby Szlacheckie” region in quasi-steady state conditions at  
2013, [m3/min].



IMWA 2022 – "Reconnect"

495Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

The groundwater balance at the „Dęby 
Szlacheckie” region, just before starting of 
dewatering operations at 2018 indicates that 
discharge to rivers and lakes will decrease, 
while the leakage from layer I increases due 
to moving the dewatering system in the 
“Drzewce” pit toward western boundary and 
dewatering operation in the “Tomisławice” 
open pit. As a consequence, the mine water 
inflow from layer III increases (Table 2).

The groundwater balance at the end of 
lignite production in the „Dęby Szlacheckie” 
pits at 2044 shows further decrease of 
discharge to rivers and lakes and greater 
leakage from layer I to lower layers (Table 3). 
It is due to dewatering of „Dęby Szlacheckie” 
pit and the process of flooding “Drzewce”, 
“Lubstów” and “Tomisławice” post mining 
voids (Fig. 3).

The results of the modelling study for 

Table 2 Groundwater balance at the „Dęby Szlacheckie” region, before dewatering operations at 2018,  
[m3/min].

Layer Recharge from 
precipitation

Discharge out of 
the model area

Leakage from 
overlying layer

Discharge to 
rivers and lakes 

Intake wells Recharge from 
static resources

I 199.8 1.1 − 75.3 − 3.4

II − 4.9 125.8 81.3 6.1 0.1

III − 30.9 43.3 2.8 10.5 0.8

Table 3 Groundwater balance at the „Dęby Szlacheckie” region at the end of dewatering operations at 2042, 
[m3/min].

Layer Recharge from 
precipitation

Discharge out of 
the model area*

Leakage from 
overlying layer

Discharge to 
rivers and lakes 

Intake wells Recharge from 
static resources

I 217.3 1.0 − 59.5 − -1.6

II − 4.9 145.9 81.9 6.1 -1.5

III − 42.8 59.6 5.2 10.5 0.3

* including groundwater inflow to dewatering system of „Dęby Szlacheckie” open pit

Figure 3 Map of piezometric surface of Neogene-Paleogene-Mesozoic aquifer a) in quasi-natural conditions, 
2013 y (left) and b) in hydrodynamic conditions for 2042 y (right), with total range of the cone of depression 
for Quaternary aquifer (dotted line) and Neogene-Paleogene-Mesozoic aquifer (dashed line). Computer 
model prediction. 
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mining conditions (2018 – 2042) indicate that 
during the „Dęby Szlachecke” dewatering 
system operation mine water inflow into 
the proposed open pit mine will reach 
from 52 to 96 m3/min. Due to the lowering 
of groundwater table the average effective 
infiltration in the area of cone of depression 
will account for 2.95 l/s/km2 and reach 17.0% 
of the average precipitation ratio. The cone 
of depression will develop in all directions, 
covering Notec river and its tributaries as well 
as nearby lakes. The total area covered by the 
upper Quaternary aquifer will reach 238 km2, 
and by the Paleogene-Neogene-Mesozoic 
aquifer 546 km2 (Szczepiński 2015). In the 
area of cone of depression, the dewatering 
“Dęby Szlacheckie” deposit will cause 
changes in groundwater runoff into lakes 
and watercourses. Parts of some watercourses 
may be temporarily dry and in some lakes 
water level may decrease. 

After completion of lignite production 
it is planned to create a post-mining pit 
with volume V = 255 mln m3 and area F = 
510 ha, which will be flooded. To represent 
in the numerical model the final excavation, 
in the nodes located in the pit lake area, a 
constant value of the hydraulic conductivity 
k equal 10 000 m/d and value of specific yield 
equal 1 were assigned to simulate 100% of 
water capacity. The results of calculations 
indicate that the essential part of reservoir 
will be flooded in about 70 years. The water 
table in the reservoir will be approximately 
4-5 m below the natural water table in the 
Quaternary aquifer, which will result in local 
lowering of the groundwater table around the 
reservoir.

The modelling studies for the “Dęby 
Szlacheckie” deposit took into consideration 
not only the pit being under the study but 
also other open pits, which dewatering or 
flooding may influence on the study area. 
Because dewatering is a process variable in 
time and space, the models must be solved in 
transient simulation and in each stress period 
it is necessary to update boundary conditions 
representing the dewatering systems of all 
pits in the modeled area. 
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Abstract
Nantymwyn Lead Mine has substantial subterranean workings, surface mine waste tips, 
collapsed adits and two streams which cross the workings and waste. One of >1,300 
abandoned metal mines in Wales, it causes elevated levels of lead and zinc in the 
streams, and in flora and fauna near the mine site. Two methods of measuring pollutant 
fluxes were used; a constant rate injection and synoptic sampling at a constant flow, and 
monthly flow gauging and sampling over a year. These show surface and subsurface 
pollutant inputs, attenuation, and temporal changes in flow and the proportion of 
pollution from source areas. 
Keywords: Metal Mine Waste, Synoptic Sampling, Flow Gauging, Lead Pollution

Introduction 
The impacts of metal mines is felt globally 
on watercourses, flora and fauna, with a 
multitude of overlapping causes, including 
legislative restrictions, metal market values, 
age of the mine, and methods used to work it 
(Tost et al. 2020; Sartorius et al. 2022). Metal 
mines continue to deleteriously impact these 
areas after their closure or abandonment, with 
mines in the UK only legally requiring post-
closure remediation by the operator after 
1999 (Environment Agency 2008). Successful 
remediation of a mine must consider sources 
of pollutants and the routes they take from 
the source to the area they are causing harm. 
Additionally ongoing pressures to the mine 
and its remediation from land use change and 
an increased frequency of extreme weather 
events as a result of climate change must be 
considered (Hanlon et al. 2021). Locating 
pollutant sources, quantifying their impact, 
and accurately describing pollutant fluxes 
across the impacted waterbody are therefore 
crucial to successful and cost-effective reme-
diation of abandoned mine (Byrne et al. 2020). 

Wales alone has over 1,300 abandoned 
metal mines, with only the 50 rated highest 
impacting on watercourses being investigated 
to confirm their impact and possibility of 

treatment or remediation (Environment 
Agency Wales 2002). Nantymwyn is one such 
mine, with known impacts causing the River 
Tywi to fail Water Framework Directive (WFD) 
standards for zinc for 69km. Investigative work 
by the environmental regulator traditionally 
only records pollutant concentrations at the 
confluence with the main waterbody, which 
lacks the nuance to target remediation. In 
this project two methods of quantifying the 
pollutant fluxes at both temporal and spatial 
levels were used, for the former samples were 
taken concurrently with salt dilution flow 
gauging, for the later synoptic sampling and 
constant rate tracer injection method was used 
(Kimball et al. 2004). 

Study Area
Nantymwyn Lead Mine is located in the upper 
catchment of the River Tywi, near Llandovery, 
Carmarthenshire (52°5’12’’N; 3°46’20’’W) 
and was mined sporadically from pre-Roman 
times until abandonment in 1932 (Hall 
2011). Accurate maps of the underground 
workings were only kept in the final decades 
of the mine’s operation, however falsified 
documents were discovered and destroyed 
by the final operator, leaving little clarity on 
their extent (Hall 2011). Two adits drain to 
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the surface, the Upper Boat Level joining 
the Nant y Bai, and the Deep Boat Level the 
smaller Nant y Mwyn. On the surface the 
Nant y Bai flows through unconsolidated 
spoil and tailings that cover approximately 20 
hectares. Soil, blood, and plant samples taken 
near to the river have shown elevated levels of 
zinc and lead (Sartorius et al. 2022).

Methodology
Monthly Sampling
On one day a month for twelve months 
sampling was conducted at the sites shown 
in Figure 1c, working upstream to avoid 
any possible contamination and following 
national guidelines (Environment Agency 
2010). These sites were selected to divide the 
stream into areas of interest, above the mine, 
between the two areas of mine waste, below 
the main mine area, above farmland, and 
before the confluence with the River Tywi, as 
well at four inputs. Continued sampling was 
prevented by the Covid-19 pandemic. Two 

125 ml polypropylene bottles were used to 
collect one sample directly from the sampling 
point, and one filtered through a 0.45 µm 
membrane, for subsequent analysis by ICP-
MS. Concurrent to the sampling a calibrated 
multi parameter probe was used to take pH, 
conductivity, and temperature readings. After 
the sample had been collected the flow of the 
watercourse was estimated by salt dilution 
flow gauging using the single injection 
method (Littlewood 1986; Moore 2004; 
Williams 2016). Comparative flow gauging 
was carried out in July 2019 to compare the 
results of each method on the same stretch of 
stream and at the same time; the salt dilution 
flow gauging gave a result within 10% of the 
synoptic sampling. This would be expected as 
the synoptic sampling includes the flow in the 
hyporheic zone due to the temporal length of 
injection (Moore 2004). To the south of the 
site is a second stream which was also flow 
gauged and sampled on a monthly basis, but 
is not included in this paper for clarity. 

Figure 1 Location of a) Nantymwyn within Wales, b) location of synoptic sampling points along the Nant 
Bai, and c) location of monthly sampling points along the Nant Bai (Ordnance Survey 2020)
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each site a sample was taken, being split at a 
field laboratory into three bottles, one filtered 
through a 0.45 µm membrane, one fixed with 
HNO3, and one fixed and filtered. These 
were later analysed via Inductively coupled 
plasma mass spectrometry (ICP-MS), and 
the flow calculated as a product of the Br 
concentration at each stream site. Nearby 
flow gauging sites on the River Twyi are flow 
controlled by the Llyn Brianne reservoir, 
but a proxy stream suggested by NRW was 
Q89 on the day of sampling (Edwards 2021). 
These low flow conditions were selected due 
to the high likelihood of consistency of flows 
over several days, minimising changes in Br 
concentrations to allow for future modelling 
(Byrne et al. 2020).

Synoptic Sampling
In July 2019 a constant rate injection 
apparatus was set up to deliver 70 ml min-1 
NaBr tracer into the stream, and after three 
days when the Br had reached a plateau 
concentration at the most downstream point 
in the stream sampling was conducted, 
heading upstream to avoid any cross-
contamination of sites (Kimball 1997; Todd 
et al. 2021). 33 Sites were selected, guided 
by the results of the monthly sampling. 
Where visible inputs were found, a sample 
was taken from the input, and upstream 
and downstream of it, the same as suspected 
inputs, and at changes to the stream, such as 
entering or leaving areas of mine waste. At 

Figure 2 a) Br river concentrations and river discharge (Q) changes along the Nant y Bai, b) river discharge 
(Q) for synoptic sampling and monthly sampling 
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Results and Discussion
The Br concentration and calculated 
streamflow at each point in the Nant y Bai 
are shown in Figure 2a, with Figure 2b 
showing the comparison between a single 
day’s low flow high spatial resolution flow 
gauging from the synoptic sampling, to 12 
months’ data at a lower spatial resolution. 
The lowest flow months (April, May, July 
and September 2019) align with the flows 
recorded in the Q89 flow during the synoptic 
sampling, and while monthly sampling will 
miss extreme events, the highest recorded 
flows (March, June and December 2019) 
are up to 43 times greater than the lowest. 
Despite the increase in flow over the course 
of the stream (Fig 1a) on the day of synoptic 
sampling, the instream Zn load (Fig 3a and 
3b) notably decreases from 300-700 metres 
downstream from the injection point, 
showing attenuation in the mine waste that 
the stream flows through. However, Fig 3c 
and 3d show an increase in Zn load after the 
mine waste from the monthly monitoring 
data, but the lower spatial resolution means 
that this method is unable to show increases 
or decreases between the two sampling 
points, due to time restraints on a day’s 
sampling routine, and accessibility of the 
stream in between the points where the 
stream enters a steep sided gorge. 

The inclusion of flow gauging is an intrin-
sic part of assessing an impacted river, while 
quicker and easier to collect, concentration 
data alone will miss the increased pollutant 
load. For instance, the highest total Zn load 
at the confluence with the Nant y Bai to the 
River Twyi is 155 mg s-1, in March 2019, while 
the concentration is 363 µgL-1. In September 
2019 the concentration for total Zn was 1530 
µg L-1, but as the flow was substantially lower 
the total Zn load was 19.2 mg s-1. At no point 
during either sampling regime did the stream 
at its confluence with the River Tywi meet the 
Water Framework Directive standard for Zn of 
12.9 µg L-1 (Water Framework Directive 2015).

Combined these two methods should allow 
areas of pollutant inputs to be found, synoptic 
sampling at this site revealed one input at 305 
metres below injection responsible for 34% 
of the stream Zn load on the day of sampling 
(Todd et al. 2021). However, this single day of 

low flow is not representative of the stream 
over the year, and while one day a month is 
also not fully representative of the variations 
in flow and pollutant fluxes across the site, 
the salt dilution flow gauging and concur rent 
sampling does allow for continued monitoring 
of variations without the time and cost of a 
multiple day synoptic sampling regime over 
different flows. Despite the attenuation effects 
the synoptic sampling recorded after the input 
at 305m, the monthly sampling shows an 
increase in both total and dissolved Zn load 
after both areas of mine waste. 

When considering remediation for a site, 
knowing the location of sources, their relative 
size in both flow and concentration, and their 
variation, are crucial. Both passive and active 
treatment systems can cost millions, and 
targeted treatment can allow for more sites to 
be treated to the same standard (Edwards et 
al. 2016). At Nantymwyn, small diversions of 
surface water flows and encapsulating some 
areas of riverbed where the sediments are 
mobile and polluted could deliver substantial 
improvements in water quality at most river 
flows with low capital expenditure. At low 
flows reducing the input at 305m will reduce 
Zn loads markedly, as water diversion efforts 
at Frongoch did in 2011 (Edwards et al. 2016). 
At higher flows the monthly sampling guides 
a reduction in the impact of the upper mine 
waste areas, by reprofiling or encapsulation of 
the waste.

Conclusion
Both methods used allow for a better 
understanding of pollutant fluxes across a site, 
as well as inputs into larger rivers, and their 
costs and advantages can be balanced against 
each other for assessment of a site ahead of 
remediation or reuse. Understanding seasonal 
flow and load changes allows the upper flow 
limits of a treatment system to be set to 
collect the maximum expected flow, while 
ensuring that the lower average flows during 
summer are adequately treated. However the 
higher spatial resolution of synoptic sampling 
and tracer injection prevents hidden or 
subterranean inputs from being missed and 
causing future issues. Any hydrologically 
complex site that will undergo remediation 
would benefit from the application of both 
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Figure 3 a) total Zn load, synoptic sampling, b) dissolved Zn load, synoptic sampling, c) total Zn load, 
monthly sampling and synoptic sampling, d) dissolved Zn load, monthly sampling synoptic sampling
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methods, with the monthly monitoring 
guiding the location of the sites for synoptic 
sampling, and the data from both offering 
a powerful tool for planning and delivering 
remediation. At Nantymwyn the preliminary 
monthly data fed into the selection of sites for 
the synoptic sampling and tracer injection, 
which then led to the discovery of a source of 
34% of that day’s Zn load. This information 
and others from both methods is crucial to 
understanding and planning remediation the 
site These methods can be used with minimal 
adaptation on other sites to guide or improve 
understanding and remediation attempts. 
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Abstract
The restoration of Lusatia’s water balance by LMBV mainly consists of the refilling of 
groundwater deficits, the creation of secure post-mining lakes, their connection to the 
public water system and the enhancement of water quality.

Up to now, the coexistence of active mining and rehabilitation work has largely 
allowed for the maintenance of a demand-based discharge situation into receiving 
waters, by offsetting water deficits in rehabilitation areas with the surplus water 
generated by the dewatering of active mines. 

In the future, the flow of the Spree River, which is currently dominated by a high 
amount of mine water drainage, will gradually be reduced as coal-based power generation 
comes to an end. Simultaneously, there will be an increased demand for water caused by 
the flooding of newly abandoned mines and the replenishing of groundwater deficits.

The restoration work of LMBV will also require the long-term supply of water to 
maintain geotechnically necessary lake water levels and to ensure required water qualities.

Furthermore, the long-term effects of climate change on the water balance in Lusatia 
cannot yet be reliably assessed. However, recent dry years have given a first impression 
of possible future conditions.

In order to cover the needs of all water users, including LMBV and currently active 
mining operations, it is urgently necessary to develop additional water resources and 
increase existing storage capacities. In this context, additional reservoirs, water transfers 
from other rivers as well as water retention in the area are all under discussion as 
potential options. A working group with members from the German states of Saxony, 
Brandenburg and Berlin as well as the publicly financed LMBV and private mining 
companies are all working together to find solutions to the upcoming water shortage.
Keywords: LMBV, Climate Change, Water Balance Restoration, Lignite Mining

Introduction
The Lusatian lignite mining area is located in 
eastern Germany, south of the capital Berlin 
and south of the Spreewald biosphere reserve.

With the start of industrial lignite mining 
in the region, considerable quantities of 
drainage water were discharged into the 
receiving waters of the Schwarze Elster and 
Spree rivers. In addition, dams were built 
on the Spree to secure the service water 
supply for coal-fired power plants. This led 
to an increase and equalization of the flow 
of the Spree (ARGE WaFL 2022) and thereby 

benefited the water supply of the Spreewald 
and the metropolitan region of Berlin.

As a result of reunification, some opencast 
mines in Lusatia were privatized (known as 
LEAG today). The majority of opencast mines 
in the former GDR that could not be privatized 
were taken over by the federal government and 
the lignite-producing states (LMBV today), 
with the aim of rehabilitating them.

In 1992, the water deficit in Lusatia was 
13 billion m3 and consisted of a 9 billion m3 
deficit in the aquifer and 4 billion m3 in the 
hollow opencast mining pits.
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With the decline in lignite mining in 
the 1990s, the drainage water discharge 
into receiving waters also decreased (ARGE 
WaFL 2022).

Cross-state committees and LMBV’s 
flooding control center were established to 
coordinate and control the water management 
rehabilitation and to ensure minimum water 
levels. The prioritization of water transfer and 
use was made binding in the management 
principles. With the construction and com-
missioning of the water transfer line from 
the river Lausitzer Neisse, additional water 
resources could be used.

The water deficit in rehabilitation areas 
could be reduced from 7 to 0.9 billion m3 by 
2020, thanks to these measures. The deficit 
of approx. 6 billion m3 in active mining 
areas remained as a result of the operational 
pumping of water and its discharge into 
the Spree. This largely made it possible to 
maintain the discharge situation in the Spree, 
particularly to secure the drinking water 
supply for the capital Berlin and to protect the 
Spreewald biosphere reserve.

The advanced state of water balance 
restoration by LMBV will be significantly 

affected by two important changes. The first 
one is the politically decided phase-out of 
coal-based power generation, which will also 
end lignite mining in Germany. This will cause 
the phasing out of groundwater pumping and 
its discharge into surface waters. The second 
one is the increasing influence of climate 
change, especially the more frequent and 
intensifying dry periods and extreme rainfall 
leading to flood events. 

Consequences of the end of  
lignite mining
The flow of the Spree is currently still 
bene fiting greatly from the discharge of 
mine water from active lignite mining. 
For example, in 2021, 41% of the Spree’s 
flow at Spremberg, averaging 9.7 m3/s, was 
generated from mine water discharges. In dry 
years, this proportion increases accordingly, 
as observed, for example, at 57% in 2020  
(see fig. 1).

The sulphate concentration of the Spree is 
of particular importance for the production 
of drinking water by means of bank filtration 
systems in the Spree’s floodplain. Without the 
mine water discharge, a relevant reduction in 

Figure 1 Percentage of discharge water and sulfate concentration in the flow of the Spree at Spremberg,  
from 2018 to 2021
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sulphate loads by 63%, in conjunction with a 
reduction in the mean sulphate concentration 
of 27%, can be demonstrated for the years 
2018 to 2021, on the basis of the measured 
values collected at Spremberg’s Wilhelmsthal 
gauge. This shows that the sulphate problem 
in the Spree should ease considerably with 
the reduction in the discharge of mine 
water. Whether, when and to what extent 
the sulphate concentration in the Spree 
will increase again due to the infiltration of 
groundwater, as the groundwater once again 
rises, still needs to be investigated.

As a result of the end of lignite mining 
and the associated gradual ending of water 
drainage and discharge into the rivers, their 
flow will be reduced to the naturally available 
supply. At the same time, the increased water 
demand for the flooding of residual mining 
pits must be covered, since for geotechnical 
and hydrochemical considerations, the aim is 
to flood the lakes with water from the receiving 
waters (ARGE WaFL 2022). In addition, 
rehabilitation will also require water over the 
long-term for water management aftercare, 
particularly for maintaining lake water levels 
and ensuring water quality conditions.

In the long run, the groundwater deficit 
will be partially compensated by the gradual 
cessation of groundwater pumping. After 
the replenishment of the groundwater, this 
part of the Spree catchment area will again 
contribute to the generation of runoff to the 
Spree River.

Climate change
Existing climate forecasts vary in terms of the 
speed, scope and sometimes also the nature 
of change, depending on the chosen scenario. 

The resulting uncertainty is due, on the one 
hand, to a lack of understanding of these 
extremely complex processes. On the other 
hand, the extent of the changes also depends 
heavily on the future emission of greenhouse 
gases and thus on humans themselves.

Due to these uncertainties, predictions 
must be made with a range of probable 
climate scenarios. The climate scenarios 
gene rally show a trend toward increasing 
tem peratures. In terms of precipitation fore-
casts, the climate models for the area cur-
rently show rather constant annual preci-
pitation levels, on average. However, the 
intra-annual distribution of precipitation is 
expected to shift, and extreme events such 
as heavy precipitation leading to flooding or 
long periods of drought will increase.

For lakes and rivers, the climatic water 
balance, which is the difference between 
precipitation and evaporation, is decisive, 
while groundwater recharge is decisive for 
the groundwater.

In (Rumpf 2021), the climatic water 
balance, the difference between precipitation 
and potential evaporation, was evaluated and 
compared for various previous time series. 
A clear decline in the climatic water balance 
was observed in the last decade, compared to 
the 1961 – 1990 time series, from 142 to 57 
mm, which is a decrease of 60%.

Next, the influence of the recent dry years 
(2018 – 2020, first half of 2022) on surface 
waters will be considered, since such periods 
of drought will presumably become more 
likely as climate change progresses.

In the dry years from 2018 to 2020 as well 
as in the first half of 2022, sections of the 
Schwarze Elster were repeatedly observed to 

year runoff
runoff without mine 

water discharge
mine water 

quantity
sulfate 

concentration
sulfate concentration without 

mine water discharge

[m³/s] [m³/s] [%] [mg/L] [mg/L]

2018 9,6 5,4 44 426 321

2019 8,2 4,2 49 422 295

2020 7,0 3,0 57 445 347

2021 9,7 5,7 41 358 236

average 8,6 4,5 48 413 300

Table 1 Percentage of discharge water and sulfate concentration in the flow of the Spree at Spremberg,  
from 2018 to 2021
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completely dry up due to low precipitation 
and high evaporation rates (see fig. 2).

Furthermore, there has been a trend 
towards falling lake water levels in Lusatia 
since 2018. In the post-mining lake known 
as Heide VI, for example (see fig. 3), a water 
level of +126.2 to +126.8 m NHN had been 
established in the lake by 2017, and excess 
water was being discharged. The restoration 
of groundwater in the catchment area of 
the Heide VI post-mining lake has been 
completed for years.

The post-mining lake shows a typical 
intra-annual water level development, with 
rising water levels in the hydrological winter 
half-year and falling water levels in the 
hydrological summer half-year, as a result of 
the climatic water balance. In the years 2018 
to 2020, these intra-annual fluctuations were 
marked by a trend of falling water levels, by 
a total of almost one meter. The year 2021, 
which had average levels of precipitation, 
saw the lake water stagnate at a low level. 
The subsequent first half of 2022, which in 

Figure 2 Dry riverbed of the Schwarze Elster near Buchwalde in summer 2019 (Photo: Oliver Totsche)

Figure 3 Water level development and climatic water balance of the Heide VI post-mining lake
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turn had below-average precipitation, caused 
a further drop in the water level. Under 
balanced meteorological conditions, the 
evaporation losses from the lake surface are 
mainly compensated by groundwater inflow 
to the body of water. This balance is disturbed 
in dry years, when groundwater recharge is 
greatly reduced.

By retaining water in the winter months 
using existing dams and the reservoirs 
previously created in opencast mining, it 
has been possible to largely maintain the 
water flow into receiving waters during the 
dry years. However, the first restrictions on 
water use, for example irrigation, are already 
becoming necessary today.

For the considerations of LMBV, the 
use of the seven climate realizations of the 
Central German Core Ensemble for the 
RCP 8.5 (“continue as before scenario”) was 
coordinated across states. These climate 
reali zations generally show a tendency 
towards an increase in temperatures, but also 
a shift and increase in annual precipitation 
from the summer to the winter half-year 
(Struve et al. 2020).

The effect of the climate realizations on 
the water balance variables of evaporation 
and groundwater recharge was calculated 
using a soil water balance model. The result 
of the RCP 8.5 realizations of the Central 
German Core Ensemble showed, under the 
given boundary conditions, a higher annual 
groundwater recharge in six of the seven reali-
zations, compared to the reference period.

The shift and increase in annual pre-
cipitation from the summer to the winter half-
year contained in the climate realizations used 
is being discussed as the cause. Furthermore, 
the low precipitation levels observed in 
2018, for example, are not represented by the 
climate realizations used (Hattermann 2021).

In (Struve et al. 2020) it is pointed out that 
the climate projections are not regarded as 
reliable forecasts, as there are uncertainties in 
connection with climate change. Rather, they 
reflect a possible future development of the 
complex climate system based on the current 
state of knowledge.

Research into climate change and its 
consequences on the water balance is a process 
that is constantly subject to new findings 
and updates. Climate realizations and their 

integration into soil water balance models 
can serve as a good supporting tool. The 
interpretation of the data and the derivation 
of recommendations for action must continue 
to be carried out by technical experts.

Evaluation of observations vs 
forecasts
It is currently not foreseeable for Lusatia 
whether there will be a trend towards drier 
conditions, as shown by the measurement 
results from 2018 to 2020 and the first half 
of 2022, or whether (extremely) dry and 
(extremely) wet conditions will alternate and 
may even out, or an increase in groundwater 
recharge will be recorded.

With regard to LMBV’s tasks in the 
creation of post-mining lakes, in particular 
the stabilization and design of slopes as well 
as the dimensioning and construction of 
inlet and outlet structures for connecting 
to receiving waters and stable post-mining 
areas, reliable approaches to planning are 
required, which must be based on reliable 
forecasts and a comprehensive knowledge of 
the system.

Consequences for LMBV post-mining 
rehabilitation work
If the observed hydrological conditions 
of recent dry years continue in the future, 
further declines in groundwater levels as well 
as falling lake water levels and a reduction in 
the lakes’ own water supply can be expected.

This can lead to different consequences 
for LMBV’s rehabilitation tasks:
• Falling lake water levels can affect the sta-

bility of slopes by changing the balance of 
forces in those slopes.

• Falling groundwater levels can also cause 
initial movement in mining areas that are 
still at risk of liquefaction, because they 
alter the unstable states of equilibrium of 
stresses in the subsurface.

• Drawdown of the groundwater can also 
cause subsidence damage to buildings or 
pipelines if the subsoil contains water-
sensitive layers such as peat.

• Falling lake water levels can intensify 
bank erosion by lowering the water ex-
change zone and can lead to the forma-
tion of cliffs.
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• Low water levels can lead to the death of 
vegetation and thus to increased slope 
erosion.

Flood safety considerations are already being 
carried out as part of the creation of post-
mining lakes and appropriate measures are 
being implemented, so that the expected 
increase in flood situations is being taken into 
account accordingly.

New strategies for overcoming the 
water management challenges
With regard to the upcoming challenges, new 
strategies and options for action in water 
management will be necessary to be able to 
meet the demands of water users along the 
Spree up to Berlin, also taking into account 
ecological concerns.

The water balance in Lusatia is already 
being managed based on regulations agreed 
between the German states of Saxony 
and Brandenburg. The LMBV flooding 
control center already plays a key role by 
coordinating and carrying out most of the 
river basin management tasks. On the one 
hand, the opencast lignite mines pose a 
problem for the necessary adjustment of the 
water balance due to the high demand for 
flooding water and evaporation losses. On 
the other hand, they can also contribute to 
solving water management challenges by 
using them as reservoirs for flood retention 
and for raising low water levels in dry seasons. 
It may be necessary to make structural 
adjustments to the LMBV post-mining lakes 
to accommodate lower water levels or larger 
water level spreads.

To be able to meet the needs of all water 
users including LMBV and currently active 
mining operations, despite the lack of support 
from mine dewatering, it is urgently necessary 
to develop additional water resources and 
increase existing storage capacities.

In this context, an additional head reser-
voir in the Schwarze Elster catchment area, 
water transfers from other rivers as well as 
water retention in the area (LfU 2021) are all 
being discussed as major potential courses of 
action. Otherwise, demands would have to 
be reduced and/or the compensation of the 
water deficit would have to be stretched over 
a very long period time.

Conclusion
The rehabilitation of the water balance in the 
Lusatian lignite mining area is a long-term 
task.

Up to now, the coexistence of active 
mining and rehabilitation work has largely 
allowed for the maintenance of a demand-
based discharge situation into receiving 
waters, by offsetting water deficits in 
rehabilitation areas with the surplus water 
generated by the dewatering of active mines. 
This will change in the coming years.

The long-term effects of climate change 
cannot yet be reliably assessed. However, 
recent dry years have given a first impression 
of possible future conditions.

River basin management must therefore 
be as robust and flexible as possible to be 
able to cover existing usage requirements in 
the long term. This includes the development 
of further water resources and additional 
storage areas in the upper reaches of the river 
basins, in close cooperation with all those 
responsible and affected.

The further development of former 
opencast mining pits into water reservoirs 
for flood retention and for raising low water 
levels in dry periods can also contribute to 
solving the water management challenges.
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Abstract
This work presents the results of the first full-scale up-flow mussel shell reactor at an 
active mine to treat AMD reported in the literature. In an up-flow configuration, the 
theory suggests that reducing conditions would be prevalent throughout the reactor, 
resulting in sulfate reduction and formation of sulfides rather than hydroxides which 
can reduce permeability with time in downflow reactors. The system raises the pH of 
the AMD from a median of 3.3 to a median of 7.2 and lowers metal concentrations by 
an average of 91.4% (Fe), 97.6% (Al), 83.3% (Zn), 85.6% (Cd), 85.2% (Co), 85.6% (Cu), 
and 87.0% (Ni). The benefits of up-flow reactors are discussed.
Keywords: Acid mine drainage, Passive treatment, Mussel shell reactor, Bioreactor,  
Sulfides

Passive Treatment of AMD Using a Full-Scale Upflow 
Mussel Shell Reactor, Echo Coal Mine, New Zealand
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Introduction 
Native to New Zealand, the Greenshell Mussel 
(Perna canaliculus) is the largest seafood 
export from New Zealand, which produces 
over 97,000 t per year at a revenue of over $380 
m (Aquaculture New Zealand 2020, Stenton-
Dozey et al. 2020). Much of the export is fully 
shelled mussels, producing approximately 
68,000 t of shell waste annually. Work in New 
Zealand has shown that this waste product is 
useful in the treatment of AMD.

Since 2007, waste mussel shells have been 
used as alkalinity amendments in numerous 
small-scale experiments with bioreactors 
(McCauley et al. 2009, Mackenzie 2010, 
Mackenzie et al. 2011, West 2014, Uster et 
al. 2015), and later were used in full-scale 
construction of mussel shell reactors with 
no organic amendments at three active coal 
mines. In a downflow configuration, Fe and 
Al are removed as hydroxides in the upper 
regions and trace elements (such as Zn and 
Ni) are removed as sulfides in the lower 
regions (Weber 2015, Weisener et al. 2015, 
Diloreto et al. 2016). The waste mussel meat 
in the shells and other sea life (about 10% 
by mass) provide enough organic material 

for sulfate-reducing bacteria, and lower 
oxygen concentrations at depth result in the 
formation of metal sulfides. 

Further experiments have shown that 
when constructed with upflow configurations, 
the incoming water encounters a highly 
reduced environment populated with iron 
reducing and sulfate reducing bacteria 
(FRB and SRB), resulting in the formation 
of metal sulfides throughout the reactor 
and the removal of divalent metals (West 
2014, Trumm et al. 2015). Dissolution of the 
shells results in pH increase, and the sulfate 
reduction reaction increases alkalinity. The 
first full-scale application of this technology 
was the installation of an upflow mussel shell 
reactor at the abandoned Bellvue Coal Mine 
in New Zealand (Trumm et al. 2017, Trumm 
et al. 2021). Based on the results at Bellvue, 
and the results of a small-scale trial at the 
active Echo Coal Mine (Trumm et al. 2015), 
the largest full-scale upflow reactor to date in 
New Zealand has now been installed.

Methods 
Echo Coal Mine is located in an area of native 
forest with steep hillsides and deep gullies 
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on the West Coast of New Zealand, near 
the town of Reefton. Historically, the area 
was mined through underground methods 
but is now an open-cast mine, operated by 
Francis Mining Co. Ltd a subsidiary of New 
Zealand Coal & Carbon Ltd, producing low 
ash, semi-soft coking coal exported for use 
in metallurgy and in the production of steel 
and silicon metal in locations around the 
globe including Japan, Saudia Arabia, China, 
Australia, Canada, and India.

AMD discharges from the mine into 
Wellman Creek which joins Garvey Creek 
and then flows down to the Inangahua River. 
Garvey Creek is impacted by AMD from 
other mines nearby. Geochemical modelling 
shows that AMD treatment  using an upflow 
mussel shell reactor should prevent impact 
to Wellman Creek and the Inangahua River 
(unpublished data).

Approximately 3,000 m3 of fresh mussel 
shells were placed in a channel approximately 
130 m long, 8 m wide, and 3 m deep, which 
was the original flow path of the AMD.  
Fresh shells ensured the maximum organic 
content with the shells. A sample of the shells 
was submitted to a laboratory to determine 
organic content. Two perforated alkathene 
pipes (100 mm) run the length of the reactor 
at the base of the shells, with one exiting at the 
start and the other at the end of the reactor. 
Both pipelines run uphill to a heading pond 
feeding the reactor. The pipeline that exits 
at the end of the reactor has a tee-junction 
and valves for flushing precipitates out of 
the reactor. The water flows upward through 
the shells and discharges through a culvert 
at the downstream end of the reactor. 
Approximately 0.7 m of free water is above 
the shells to ensure that the reactor remains 
under reducing conditions.

The system was installed in May, 2019 and 
flow through the system began on 16 May 
2019. Sampling is conducted on a fortnightly 
basis. During each visit, field parameters are 
measured, and water samples are collected 
from the inlet and the outlet of the system, from 
Wellman Creek upstream and downstream of 
the confluence with the treated AMD, from 
Garvey Creek upstream and downstream 
of the confluence with Wellman Creek, and 
from the Inangahua River upstream and 

downstream of the confluence with Garvey 
Creek (eight locations). Field parameters 
include temperature, pH, dissolved oxygen, 
conductivity, total dissolved solids, salinity, 
and oxidation-reduction potential. The water 
samples are submitted for laboratory analysis 
of total alkalinity, total acidity, total hardness, 
sulfate, and dissolved metals (Al, Ca, Fe, Mg, 
Mn, Zn). The samples from the inlet and the 
outlet of the system are also analysed for total 
ammoniacal nitrogen, nitrite nitrogen, nitrate 
nitrogen, dissolved reactive phosphorus, and 
dissolved organic carbon. On a quarterly 
basis the inlet and outlet of the system are 
also analysed for the dissolved metals Sb, As, 
Ba, B, Cd, Cs, Cr, Co, Cu, La, Pb, Li, Mo, Ni, 
K, Rb, Se, Ag, Na, Sr, Tl, Sn, U, and V. The 
first three years worth of data is presented in 
this paper.

Results
The analysis of the mussel shells showed that 
9.7% by mass of the shells was organic matter. 
The  flow rate through the system ranged 
from 0.6 to 8.6 L/s, averaging 3.7 L/s. The 
hydraulic residence time (HRT) in the system 
ranged from 3 to 42 d with an average of 11 d 
and a median of 8 d. 

The median pH of the inlet water was 3.3, 
the average sulfate concentrations was 1185 
mg/L, and the average inlet dissolved metal 
concentrations were 14.3 mg/L Fe, 5.3 mg/L 
Al, 1.12 mg/L Zn, 0.41 mg/L Ni, and 0.27 
mg/L Co. Remaining trace elements were all 
below 0.05 mg/L.

The treated water had a median pH of 
7.2 and had an average total alkalinity of 
140 mg/L as CaCO3 (but a maximum of 300 
mg/L). The treated water average dissolved 
metal concentrations were 0.54 mg/L Fe, 
0.084 mg/L Al, 0.14 mg/L Zn, 0.0547 mg/L 
Ni, and 0.0366 mg/L Co (figs. 1, 2). The 
system removed an average of 91.4% of the 
Fe, 97.6% of the Al, 83.3% of the Zn, 87.0% of 
the Ni, and 84.3% of the Co and is correlated 
with HRT (fig. 3). Other trace elements which 
showed high average removal included La 
(97.8%), Cu (96.2%), Cs (96.1%), Tl (95.6%), 
Cd (94.9%), Pb (92.9%), Rb (82.0%), and 
U (73.8%). The average decrease in sulfate 
concentrations through the reactor was 451 
mg/L (47.2% reduction).
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Ammonia concentrations in the inlet 
water ranged from 0.010 to 0.75 mg/L 
and in the outlet ranged from 0.010 to 5.4 
mg/L (0.810 mg/L average). The highest 
concentrations were during the first 10 
months of operation. For the last two years 
the concentration has been below 1 mg/L and 
the average increase in concentration for the 
duration of operation is 0.81 mg/L. 

Nitrate concentrations in the inlet water 
ranged from below detection limits to 2.1 
mg/L, and in the outlet water they ranged 
from below detection limit to 17.7 mg/L. The 
highest concentration was detected on the 
day the system was started. Over the last year 
of operation, the outlet nitrate concentration 
has been less than the inlet concentration.

Discussion
The treatment system at the Echo Coal Mine 
is the largest full-scale up-flow mussel shell 
reactor in New Zealand (and in the published 
literature). The results of the Echo reactor 
suggest that an up-flow configuration can be 
successful at sulfate reduction and removal 
of metals through the formation of metal 
sulfides. Treatment effectiveness for Fe and 

Al was similar to the up-flow mussel shell 
reactor documented for the small-scale 
trials in Trumm et al. (2015) and for the full-
scale up-flow reactor installed at the Bellvue 
Coal Mine (Trumm et al. 2021), however 
removal of the trace elements Zn and Ni 
were slightly less. In those systems, metal 
removal percentages, compared to the Echo 
Mine treatment system, were 96-97% Fe 
(91.4% for Echo), >99% Al (97.6% for Echo), 
98–99% Zn (83.3% for Echo) and 95–99% Ni 
(87.0% for Echo).

Although the treatment system treats 
only  a portion of the total flow of the 
AMD, downstream of the confluence of the 
untreated AMD with the reactor discharge, 
the resulting pH in Wellman Creek has 
averaged 6.7 for the last year of operation. It is 
likely that this is due to the elevated alkalinity 
from the reactor.

Although analysis of metal precipitates 
has not been undertaken, observations 
during sampling suggest that Fe and divalent 
trace elements such as Zn and Ni are likely 
being removed as sulfides. During sampling 
events, there is a noticeable odour of 
hydrogen sulfide. In addition to this, when 
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Figure 3 Percent removal of dissolved metal concentrations in mussel shell reactor.
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drain valves at the base of the reactor tanks 
are opened briefly, the colour of the water and 
sediment is black and a noticeable hydrogen 
sulfide smell is evident. Reduction in sulfate 
concentrations, ammonia discharge and low 
DO levels support the contention that sulfide 
reduction is occurring. 

Alkalinity is generated in mussel shell 
reactors by both CaCO3 dissolution and by 
SRB neutralisation. Following the methods 
in Uster et al. (2015), microbial contribution 
to alkalinity generation was calculated using 
the sulfate concentration mass balances 
by assuming that the only sulfate removal 
mechanism was microbial reduction, and that 
no gypsum was precipitating in the substrate. 
CaCO3 contribution to alkalinity was then 
obtained by subtracting the sulfate-reduction 
contribution from the total alkalinity 
generated, and these results were compared 
to net Ca export from the system. The results 
show that SRB neutralisation generated 
substantially more alkalinity than shell 
dissolution (between 60 and 70%). At times, 
however, all of the alkalinity was generated 
through CaCO3 dissolution, and these events 

generally correlate with lower HRT in the 
system (fig. 4). A similar correlation was 
found in Uster et al. (2015).

Conclusions
The largest full-scale up-flow mussel shell 
reactor in New Zealand and in the published 
literature was installed at the active Echo 
Coal Mine. The reactor is comprised of 
approximately 3,000 m3 of fresh mussel shells 
and treats AMD through sulfate reduction 
and dissolution of shells. Organic substrate 
associated with the shells and inlet DOC in 
the AMD provide nutrients for bacteria to 
reduce ferric iron and sulfate. Trace elements 
are removed through the formation of metal 
sulfides in the reactor. Metal concentrations 
are lowered by an average of 91.4% (Fe), 
97.6% (Al), 83.3% (Zn), 85.6% (Cd), 85.2% 
(Co), 85.6% (Cu), and 87.0% (Ni). Other 
trace elements which showed high average 
removal included La (97.8%), Cu (96.2%), Cs 
(96.1%), Tl (95.6%), Cd (94.9%), Pb (92.9%), 
Rb (82.0%), and U (73.8%). The average 
decrease in sulfate concentrations through 
the reactor was 451 mg/L (47.2% reduction).
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Predictive Water Balance and Mass Load Modelling for 
Mine Water Through a Passive Treatment System

Jeff Tuck, Steph Hayton, Sioban Hartwell

Abstract
Predictive modelling has been carried out to assess potential environmental benefits from 
constructing a passive treatment system (PTS) for mine water treatment for the Reefton 
Restoration Project (RRP). The RRP is managing the closure and rehabilitation phase 
of works at the Globe Progress Mine where active mining ended in 2016. The predictive 
modelling investigates contaminant removal through a proposed PTS utilising Vertical 
Flow Reactor (VFR) technology. The VFR is designed to co-precipitate Arsenic and 
Iron from influent mine waters before discharging to the receiving environment. The 
associated reduction in mass load reporting to the receiving environment is evaluated 
along with the resultant concentrations in the receiving waters. 

The proposed PTS is represented within a probabilistic site-wide water balance 
and mass load model. The model was developed using the GoldSim® platform to 
evaluate system performance where daily and sub-daily time steps are applied within a 
probabilistic Mote-Carlo simulation. Through the simulation stochastic representation 
of hydrological model inputs were incorporated with probabilistic water quality inputs 
based on recorded site data. Further, site data was evaluated to determine correlation 
coefficients between key probabilistic inputs and improve predictive capabilities. 
Dynamic contaminant mass removal through the system is represented based on 
modelled and experimental data. Representation of the system includes cumulative 
sludge build up effects on treatment efficiency and flow capacity.

Modelling demonstrated how effective operation of the PTS can have a positive 
influence on the receiving environment with a 42% reduction in total Arsenic loads 
from site and a 56% reduction in iron loads. Considering the operational cycles of the 
VFR, sludge accumulation is shown to reduce capacity of the system over a 12 month 
period. Where conservative scour estimates are applied, treatment capacity can be 
reduced to approximately 50% of influent flows near the end of a 12 month period. In 
these cases annual median and 90th percentile performance targets are still achieved. 
Modelling of maintenance period risks, where one of two reactor cells are taken off-line, 
indicate that temporarily raised concentrations would be observed within the receiving 
environment, while annual targets would be achieved.

Detailed representation of the proposed PTS within a site-wide water balance 
and mass load model enables ongoing evaluation of the PTS performance, quantified 
assessment of environmental effects, implementation of operational decisions through 
a risk-based assessment, and informing decisions within the adaptive management 
framework.
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Abstract
Mining activities will eventually end, while one of the options for the use of post-mining 
land is to make it a pit lake. To ensure the management of the pit lake in the future, it 
requires a study about geochemistry of the water to be formed. Quality of the developing 
water is results in the reaction between water and rock on pit wall. This research was 
conducted with the aim of identifying quality of the water to be formed. To determine 
quality of the water, a direct test was conducted in the field using the pit wall leaching 
method. The location of this test was in PT Kaltim Prima Coal, one of the largest 
coal producers in Indonesia. There were three locations considered to represent rock 
stratification exposed on the pit wall. Dimensions in test was 1 x 1 meter, while leachate 
yield was 2 liters. Test cycle was conducted in daily, three-day, and weekly cycles. Based 
on the result of static tests, sample A was classified as NAF rock, while samples B and C 
were classified as PAF rock. Meanwhile, leachate test shows the result that range of pH 
values was from 7.61 to 8.02 for sample A, from 1.99 to 2.77 for sample B, and from 2.89 
to 4.09 for sample C. Based on test result, the most dominant metals were SO4, Mg, and 
Fe. The conclusion of this research is that the exposed rock on pit wall is dominated by 
PAF rock, thus having a potency to form acid mine drainage.
Keywords: Pit wall leaching, Geochemical characterization, Acid mine drainage

Comparison of Pit Wall Leaching Test in the Field and Laboratory
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Introduction 
Mining activities will end, while the final 
pit can be backfilled at mines having more 
than one pit or multi-pit. In some cases, 
formermining pits cannot be backfilled and 
are used as postmining lakes, termed mine 
pit lakes or pit lakes (Blanchette and Lund, 
2016) (Castendyk, Eary and Balistrieri, 
2015) (Vandenberg and Litke, 2018). One 
factor that needs to be considered during 
the process of forming a pit lake is quality 
of the water that will be formed. This is 
related to the continued use of pit lake. 
The water formed can be acidic or alkaline. 
The acid mine drainage formed affects the 
surrounding environment (Akcil and Koldas, 
2006) (Blodau, 2006) (Acharya and Kharel, 
2020). Issues of acid mine drainage in pit 
lakes can be seen for example in coal mining 
areas in Lusatia District, Germany (Gerke, 
Molson and Frind, 1998) and gold mining in 

the Iberian pyrite belt (Cánovas et al., 2015) 
(Sánchez España et al., 2005). Considering 
the impact brought by acid mine drainage, it 
is necessary to predict quality of the pit lake 
water that will form.

Acid mine drainage is caused by the 
oxidation of rocks containing sulfide 
minerals and the presence of water. Acid 
mine drainage is characterized by a pH value 
below 6. In addition to a low pH value, acid 
mine drainage also contains metals, namely 
Fe and Mn. Reaction for the formation of acid 
mine drainage is shown in formula as follows 
(Kefeni, Msagati and Mamba, 2017):
2FeS2(s) + 2H2O + 7O2(aq) =  
2Fe2+ + 4SO2− + 4H+   (1)
4Fe2+ + 4H+ + O2 = 4Fe3+ + 2H2O  (2) 
Fe3+ + 3H20 = Fe(OH)3(s) + 3H+  (3) 
FeS2(s) + 14Fe3+ + 8H2O = 
15Fe2+ + 2SO2− + 16H+   (4) 
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Several factors that need to be 
considered in predicting pit lake water 
quality include groundwater inflow, 
precipitation, evaporation, pit wall runoff, 
rock wall washing (Castendyk, Eary and 
Balistrieri, 2015), biological processes, 
lake hydrodynamics, and geochemical 
equilibrium (Eary, 1999). Regarding rock 
wall washing, what needs to be done at an 
early stage is to determine the distribution of 
rocks forming acid mine drainage and rocks 
without potency to form acid mine drainage. 
Geochemical characterization of these rocks 
can be performed by running a series of tests. 
Tests in the field can be conducted using the 
pit wall leaching method, while test in the 
laboratory can be carried out using several 
tests, including mineralogy, static and kinetic 
tests (Castendyk, Mauk and Webster, 2005).

Pit wall leaching test was conducted 
using Minewall approach to estimate the 
geochemical effects of pit walls. Minewall was 
developed as a formal standard technique 
for Canadian MEND Program in the 1990s 
(Morin and Hutt, 2001). The application 
of this method has been carried out in 
several mining locations, such as Indonesia 
(Kusuma et al., 2020), which was carried out 
in coal mines. Only in this study, the pit wall 
leaching test was tested once. In ore mining, 
the application of the Minewall method 
is carried out by (Andrade and Mountjoy, 
2015). Compared to static and kinetic tests in 
the laboratory, with pit wall test it is better to 
obtain an overview of the water quality that 
will be formed, because it is directly carried 
out on exposed rock walls.

At the end of mining, quality of the water 
that will be formed must be predictable. One 
way to predict water quality is to determine 
the quality of leachate which is the reaction 
of rainwater and rocks on the pit walls. This 
research was conducted to comprehend the 
quality of water that will be formed and to 
compare hydrogeochemical tests carried out 
in field and laboratory. The results that have 
been obtained were then used to zoning 
the distribution area of PAF and NAF rocks 
which can finally simulate the prediction 
of water quality of the pit lake that will be 
formed.

Method
This research was conducted in the Peri pit 
which is the Coal Contract of Work area of 
PT. Kaltim Prima Coal (Figure 1) (Tuheteru 
et al., 2021). Mining in Pit Peri has been 
carried out since 2010 and still continues to 
date. The mining plan ended in 2021. Pit Peri 
has 5 coal seams with a thickness from 0.54 
to 3.42 meters. The planned coal production 
from 2010 to 2021 is approximately 6.5 million 
tons with a stripping ratio of 9.02. Pit wall 
leaching tests were carried out on mining pit 
walls in three locations with codes A, B, and 
C. The lithology of three samples was different, 
namely claystone, mudstone, and sandstone. 
Location A was dominated by clay rocks at an 
elevation of 60 - 70 masl, location B had organic 
elements because of coal layer at an elevation 
of 50 masl, while location C was dominated by 
sandstone, located the same with location B, at 
an elevation of 50 masl (Figure 2).

The research was conducted by applying 
mine wall or pit wall leaching method. The 
application of this method is very suitable 
for active mines, because pit walls are still 
open and will be reactive with water, making 
leachate water samples capable of being taken 
easily. This method was designed for the 
prediction of pit lake water quality as required 
for mine closure assessment (Andrade and 
Mountjoy, 2015). The procedure for this test 
was conducted from the development of a 
procedure by (Morin and Hutt, 2004). The pit 
wall leaching test was carried out by cleaning 
the rock surface first, until obtaining a fresh 
rock sample surface. Dimensions of the 
pit wall surface tested were 1 m2. Distilled 
water, inserted into sprayer with a capacity 
of two liters was used for watering the pit 
wall. Leachate from the spray was collected 
in a container. This reservoir was also used 
to collect leachate resulting from washing 
using rainwater. Location C was not carried 
out of shelter, because the rock surface was 
hard. The collected leachate was then put into 
a sample bottle with a capacity of 2 liters and 
taken to a laboratory owned by PT Kaltim 
Prima Coal for water physical testing. Besides 
physical tests, metal content tests were also 
carried out in laboratories which are partners 
of PT Kaltim Prima Coal.
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Figure 1 Research Location
 

The test was conducted in a long period 
of time, about 2 months, to determine the 
quality of leachate water over a long period of 
time. In this time period, tests were conducted 
in several cycles, namely daily, three-day, and 
weekly cycles. The daily cycle was carried out 
26 times, three-day cycle was carried out 5 
times, and weekly cycle was carried out once 
in location A. Test location A was mined, 
while tests were conducted twice in locations 
B and C. This pit wall leaching test activity 
was conducted in early December 2019 until 
the end of January 2020. The water used in 
the leaching process was distilled water. The 
distilled water used for watering was taken as 
much as 40 liters.

Rocks from each location were taken 
and tested in the laboratory, through 
static, mineralogy, and kinetic tests. Static 
and mineralogical tests were conducted 

in Mining Environment Laboratory and 
the Hydrogeology and Hydrogeochemical 
Laboratory owned by the Faculty of Mining 
and Petroleum Engineering, Bandung 
Institute of Technology. Static test was the 
first step to characterize rocks. This test was 
designed to calculate the balance between 
acid-forming components (e.g., sulphide 
minerals) and acid consuming components, 
mainly carbonate minerals, in rock samples. 
Several tests conducted were pH, Total 
Sulphur, Acid Base Accounting (ABA), and 
Net Acid Generating (NAG) test. The test 
procedure was carried out according to the 
instructions on Amira International.

Mineralogy tests conducted were XRD 
(X-Ray Diffraction) and XRF (X-Ray 
Fluorescence) tests. XRD test was used 
to analyse the composition of phases or 
compounds in materials and to characterize 
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Figure 2 Distribution of pit wall leaching test locations Distribution of pit wall leaching test locations

 

crystals, while XRF test was generally 
used to analyse elements in minerals or 
rocks. Elemental analysis was conducted 
qualitatively and quantitatively. Qualitative 
analysis was conducted to analyse types 
of elements in the rock, while quantitative 
analysis was conducted to determine the 
concentration of elements in the rock.

Kinetic test in the laboratory was 
conducted using Free Column Drained Test 
(FDCLT) method, to investigate a long-
term reaction between water and rock. 
Through this test, an overview of acid and 
wet generation of the reaction products was 
obtained. FDCLT was performed by placing 
rock samples in a Buchner funnel which was 
irradiated with the help of a light bulb, then 
watering was carried out in daily, three-day, 
and weekly cycles. The leachate water was 
accommodated in one container, which was 
then followed by a leachate water quality test.

Result and Discussion
Static Test
Result of the static test is shown in Table 1. 
Based on the result, sample A has a high pH 

value of 7.19, while samples B and C had 2.32 
and 3.35. The value of Net Acid Generation 
(NAG) pH was 7.19 in sample A, 2.19 for 
sample B, and 3.08 for sample C. The value 
of Acid Neutral Capacity (NAC) was 23.61 
for sample A, while samples B and C had 
no value. The sulfur content in each sample 
was 0.54 for sample A, 2.83 for sample B, and 
1.70 for sample C. Total sulfur test results 
show that sample A was lower than samples 
B and C, namely 0.54% in sample A, 2.83% in 
sample B, and 1.70% in sample C. In sample 
A, Acidity Neutral Capacity (ANC) value was 
23.61, while samples B and C had no value. 
The NAPP value indicates that sample A was 
negative with a value of -7.07, while samples 
B and C were positive with a value of 86.67 
and 52.06, respectively.

With the geochemical characterization 
of rocks published by AMIRA that correlates 
the NAPP and NAG pH values, sample A was 
categorized as rock without potency to form 
acid mine drainage (NAF), while samples 
B and C were included in the category of 
rock forming acid mine drainage (PAF). 
Geochemical characterization shows that 
sample A was NAF as supported by other 
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Table 1 Geochemical Characterization Results

No. Sample pH Paste Net Acid Generating (NAG) Acid Base Accounting Classification

NAG pH NAG pH 
4.5 

NAG pH 7 Total 
Sulphur 

MPA ANC NAPP

(kg H2SO4/ton) (%) (kg H2SO4/ton)

1 A 7.54 7.19 0 0 0.54 16.54 23.61 -7.07 NAF

2 B 2.32 2.19 76.44 122.5 2.83 86.67 0 86.67 PAF

3 C 3.35 3.08 13.23 21.854 1.70 52.06 0 52.06 PAF

parameters. The pH value in paste was high, 
NAG pH was also high, sulfur value was low, 
and ANC value affected acid neutralization 
independently. Samples B and C were 
classified as PAF, supported by low paste pH 
values, low NAG pH, high total sulfur and no 
ANC content.

Mineralogy Test
In XRD test result as shown in Figure 3, 
minerals in rock sample A were quartz 
(SiO2), kaolinite (Al2Si2O9), calcite (CaCO3), 
periclase (MgO), montmorillonite 
[(Na,Ca)0.33(Al,Mg) 2(Si4O10)(OH)2·nH2O], 
and siderite (FeCO3). Minerals in rock sample 
B were quartz (SiO2), kaolinite (Al2Si2O9), 
jarosite [KFe3(SO4)2(OH)6], pyrite (FeS2) and 
magnetite (Fe3O4). Minerals in rock sample 
C were quartz (SiO2), kaolinite (Al2Si2O9), 
magnetite (Fe3O4), pyrite (FeS2), and jarosite 
[KFe3(SO4)2(OH)6]. Based on the results of 
geochemical characterization, sample A had 
calcite and montmorillonite minerals which 
tended to neutralize acids, because capable 
of absorbing hydrogen content in acid mine 
drainage (Gautama, 2014), so sample A is 
classified as rock without potency to form 
acid mine drainage. Samples B and C were 
classified as Potential Acid Forming (PAF) 
rocks, due to the presence of pyrite minerals 
as the main sulphide mineral (Castendyk, 
Eary and Balistrieri, 2015) (Eary, 1999) and 

 

Figure 3 Hasil Uji XRD

jarosite minerals as secondary minerals 
from the weathering of sulphide minerals 
(Gautama, 2014).

The result of XRF in Table 2 shows that 
mineral elements in three samples were Na, 
Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, Cu, Zn, 
Rb, Sr, and Zr. Sample C had As elements. 
Sample A had 3 dominant elements, namely 
Si (64.1%), Al (20.5%), and Fe (8.57%). 
Dominant elements in sample B were Si 
(52.9%), Al (20.9 ), and Cu (8.22%). Sample 
C had dominant elements, namely Si (72.8%), 
Al (15.6%), and Fe (6.23%). Content of 
elements in each sample is shown in Table 2.

Leachate Water Quality
Sample A was a rock with a predominance of 
clay. Based on the result of field test, pH value 
was in the range of 7.11-7.90 for daily cycle, 
in the range of 7.61-8.02, for three-day cycle, 
while weekly cycle only had 1 value because 
it has only been tested once with a pH value 
of 7.9. Sample B was rock containing carbon. 
Based on the result of pit wall leaching test, 
pH value was in the range of 1.99-2.77 for 
daily cycle, in the range of 2.07-2.5 for three-
day cycle, and in the range of 2.07-2.5 for 
weekly cycle. Sample C was a rock dominated 
by sandstone. Based on the result of pit wall 
leaching test, pH value was in the range of 
3.10-3.96 for daily cycle, in the range of 2.89-
4.09 for three-day cycle, and in the range of 
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Table 2 XRD and XRF test results

Sample. XRD XRF

A Quartz, kaolinite, calcite, periclase, montmorillonite, 
siderite

Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, Cu, Zn, Rb, Sr, Zr

B Quartz, kaolinite, jarosite, pyrite, magnetite Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, Cu, Zn, Rb, Sr, Zr

C Quartz, kaolinite, jarosite, pyrite, magnetite. Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, Cu, Zn, As, Rb, Sr, Zr

3.26-3.46 for weekly cycle. Sample B shows 
the similarity of pH value in the result of 
kinetic test using rock samples from veryta 
blocks from different pits, where the result of 
kinetic test on a weekly cycle was in the range 
of 1.5 – 2.5 (Abfertiawan et al., 2020).

Based on Figure 4, it can be seen that the 
ORP value in the pit wall leaching activity 
shows that the ORP value of sample A is 
negative which is in the range of -100 to 0 mV. 
Samples B and C have ORP values in the range 
of 150 to 300 mV and have positive values. 
It can be seen in the figure which shows that 
along with the high pH value, the ORP value 
will decrease, on the contrary if the pH value 
is low, the ORP value will be high.

For value of Total Dissolved Solids (TDS) 
from the result of leachate test and the pit 
wall leaching test, each sample is shown in 
Figure 4. Sample A had a TDS value range 
of 124 - 595 ppm in the daily cycle, in the 
range of 135 – 309.7 in three-day cycle, and 
1 measurement with a value of 247.9 ppm 
in weekly cycle. Sample B had a higher TDS 
value than other two samples, with a value 
range of 2,853 – 4,388 ppm for daily cycle, in 
the range of 960 – 4,533 ppm for three-day 
cycle, and in the range of 5,126 – 5,428 ppm 
for weekly cycle. Sample C had a TDS value 
in the range of 53 - 816 ppm for daily cycle, 
in the range of 126 - 348 ppm for three-day 
cycle, and in the range of 558 – 1,088 ppm 
for weekly cycle. TDS value in sample B was 
higher than that in samples A and C. High 
content of TDS in sample B was due to the 
high sulfate content in leachate.

Based on the classification of pit lake 
types to be formed and leachate in the field 
and laboratory, there were two pit lake types 
(Figure 5), namely Acidic - High TDS and 
Circumneutral - Low TDS types (Eary, 1999). 
Based on classification, sample in location A 
was included in the Circumneutral TDS and 
sample B was in Acid-high TDS zone, and 
sample C was in Acid-low TDS zone.

Chemical Content Test
Based on the results of metal test on leachate, 
value of Fe in sample B was the highest, 
compared with other samples. High Fe 
content was due to a low pH value. Metals that 
have been environmental quality standards 
issued by Indonesian government are Fe and 
Mn. Based on the results of metal test in Table 
3, there is a tendency for high Fe values to 
exceed the quality standard limit of 6 mg/L, 
while Fe in leachate water was greater than 
the quality standard, particularly in sample 
B in the range of 104 - 836 mg/L. Mn metal 
in leachate of all samples was still below the 
specified quality standard of 4mg/L.

The same applied to SO4 content, where 
sample B was the highest, compared with 
other two samples. Besides these two metals, 
other metals (e.g., Al, Mn, and Mg) were 
dominant in sample B. High values of Fe and 
SO4 in sample B were due to the presence of 
pyrite content in sample B.

Conclusion
The geochemical characterization of rock on 
the rock wall was then verified by laboratory 
test as a reference for the industry to predict 
water quality to be formed when a former 
mining pit will be used as a pit lake. The results 
based on static test indicate that locations B 
and C are rocks categorized into Potential 
Acid Forming (PAF) as characterized by 
the presence of sulfide minerals, namely 
pyrite, in these rocks. Meanwhile, for sample 
A, rocks are categorized into Non Acid 
Forming rocks (NAF). Kinetic test, pH value 
in particular, shows that there was a similar 
trend between values in pit wall leaching and 
kinetic tests in the laboratory. Based on the 
relation between pH and TDS, sample A was 
in the Circumneutral - Low TDS zone, while 
samples B and C were in the acidic - High TDS 
zone. Metal content (Fe and Mn in particular) 
as the requirements for environmental quality 
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Figure 5 Category of Pit Lake from Leachate Result  

0	

2000	

4000	

6000	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	

TD
S	
(p
pm

)	

pH	

A-PW	 B-PW	 C-PW	Acidic - High TDS 

Circumneutral - Low TDS  

Alkaline - High TDS  

standards in Indonesia, got the highest value 
in samples B and A.

References
Abfertiawan, M.S. et al. (2020) ‘Evaluation of 

Non-Acid-Forming material layering for the 
prevention of acid mine drainage of pyrite and 
jarosite’, Heliyon, 6(11), p. e05590. Available at: 
https://doi.org/10.1016/j.heliyon.2020.e05590.

Acharya, B.S. and Kharel, G. (2020) ‘Acid mine 
drainage from coal mining in the United States 
– An overview’, Journal of Hydrology, 588, p. 
125061. Available at: https://doi.org/10.1016/j.
jhydrol.2020.125061.

Akcil, A. and Koldas, S. (2006) ‘Acid Mine 
Drainage (AMD): causes, treatment and case 
studies’, Journal of Cleaner Production, 14(12–
13), pp. 1139–1145. Available at: https://doi.
org/10.1016/j.jclepro.2004.09.006.

Andrade, C. and Mountjoy, K. (2015) ‘Minewall 
Stations and Mass Loadings at an Epithermal 
High Sulfidation Deposit, What, No Scaling?’ 
10th International Conference on Acid Rock 
Drainage & IMWA Annual Conference.

Blanchette, M.L. and Lund, M.A. (2016) ‘Pit lakes 
are a global legacy of mining: an integrated 
approach to achieving sustainable ecosystems 
and value for communities’, Current Opinion 

Table 3 Chemical content of leachate
Parameter Day 1

(Beginning)
Day 13

(Intermediate)
Day 26
(End)

Day 35
(three-day)

Day 55
(Weekly)

Na (mg/L) 14.6 2.58 3.92 10.7 0.58 0 8.96 0.76 0.55 5.22 0 0 0.84 0.61

Ca (mg/L) 45.9 45.9 214 28 61.1 2.69 27 71.8 23.7 22.9 21.7 5.62 209 28.2

K (mg/L) 18.8 0 1.2 12.7 0 0 13.8 0 0 11.4 0 0 0 0.59

Mg (mg/L) 52.6 345 137.0 43 124 1.1 41.7 159 8.27 37 33.5 6.18 286 11.2

Al (mg/L) 0.505 62.2 5.7 0.847 51.2 0.112 0.48 292 2.7 0.75 50.7 12.1 557 3.08

Fe (mg/L) 14.3 817 16.9 0.71 408 0.89 42.2 348 1.84 71.9 104 36.4 836 4.02

Mn (mg/L) 1.53 5.4 3.23 1.39 6.16 0 0.944 5.52 1.38 1.46 3.14 1.21 3.74 1.57

Cr (mg/L) 0 0 0 0 0.0841 0 0 0.082 0 0 0.0415 0 0.0553 0

Cd (mg/L) 0 0.006 0.003 0.0025 0 0 0 0.003 0 0 0 0 0.0053 0

SO4 (mg/L) 332 4000 1100 210 2270 19 183 3840 121 93 879 264 3620 167

NH3-N 
(mg/L)

0 0.05 0.2 0.34 0 0 0.21 0.66 0.15 0.55 0.67 0.17 0.41 0.14

F- (mg/L) 0.91 0.27 1.18 0.88 0.87 0.22 0.63 0.74 0.7 0.74 1.28 0.91 0.16 0.79

I- (mg/L) 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Cl- (mg/L) 4.4 0 3.3 1.6 0 0 8.96 9.8 0 0 0 0 0 0

NO3- 
(mg/L)

0 1.28 0 0 0.911 0.015 0 0.846 0 0 0.015 0 1.6 0.006



IMWA 2022 – "Reconnect"

527Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

in Environmental Sustainability, 23, pp. 28–
34. Available at: https://doi.org/10.1016/j.
cosust.2016.11.012.

Blodau, C. (2006) ‘A review of acidity generation and 
consumption in acidic coal mine lakes and their 
watersheds’, Science of The Total Environment, 
369(1–3), pp. 307–332. Available at: https://doi.
org/10.1016/j.scitotenv.2006.05.004.

Cánovas, C.R. et al. (2015) ‘Geochemical processes 
in a highly acidic pit lake of the Iberian Pyrite 
Belt (SW Spain)’, Chemical Geology, 395, pp. 
144–153. Available at: https://doi.org/10.1016/j.
chemgeo.2014.12.007.

Castendyk, D.N., Eary, L.E. and Balistrieri, 
L.S. (2015) ‘Modeling and management 
of pit lake water chemistry 1: Theory’, 
Applied Geochemistry, 57, pp. 267–288. 
Available at: https://doi.org/10.1016/j.
apgeochem.2014.09.004.

Castendyk, D.N., Mauk, J.L. and Webster, J.G. 
(2005) ‘A mineral quantification method for 
wall rocks at open pit mines, and application 
to the Martha Au–Ag mine, Waihi, New 
Zealand’, Applied Geochemistry, 20(1), pp. 
135–156. Available at: https://doi.org/10.1016/j.
apgeochem.2004.07.001.

Eary, L.E. (1999) ‘Geochemical and equilibrium 
trends in mine pit lakes’, Applied Geochemistry, 
14(8), pp. 963–987. Available at: https://doi.
org/10.1016/S0883-2927(99)00049-9.

Gautama, R.S. (2014) Pembentukan, Pengendalian 
dan Pengelolaan Air Asam Tambang. Bandung, 
Indonesia: Penerbit ITB.

Gerke, H.H., Molson, J.W. and Frind, E.O. (1998) 
‘Modelling the effect of chemical heterogeneity 
on acidification and solute leaching in 
overburden mine spoils’, Journal of Hydrology, 
209(1–4), pp. 166–185. Available at: https://doi.
org/10.1016/S0022-1694(98)00106-1.

Kefeni, K.K., Msagati, T.A.M. and Mamba, 
B.B. (2017) ‘Acid mine drainage: Prevention, 
treatment options, and resource recovery: A 
review’, Journal of Cleaner Production, 151, pp. 
475–493. Available at: https://doi.org/10.1016/j.
jclepro.2017.03.082.

Kusuma, G.J. et al. (2020) ‘Prediksi Pembentukan 
dan Kualitas Air Pit Lake: Berdasarkan Kondisi 
Hidrologi dan Geokimia Batuan’, Prosiding 
Temu Profesi Tahunan PERHAPI, 1(1), pp. 
761–770. Available at: https://doi.org/10.36986/
ptptp.v1i1.118.

Morin, A. and Hutt, M. (2004) ‘The Minewall 
Approach for Estimating the Geochemical 
Effects of Mine Walls on Pit Lakes’, in Pit Lakes 
2004. Nevada: United States Environmental 
Protection Agency, pp. 1–19.

Morin, K.A. and Hutt, N.M. (2001) ‘Prediction of 
water chemistry in mine lakes: The minewall 
technique’, Ecological Engineering, 17(2–3), pp. 
125–132. Available at: https://doi.org/10.1016/
S0925-8574(00)00153-1.

Sánchez España, J. et al. (2005) ‘Acid mine 
drainage in the Iberian Pyrite Belt (Odiel river 
watershed, Huelva, SW Spain): Geochemistry, 
mineralogy and environmental implications’, 
Applied Geochemistry, 20(7), pp. 1320–
1356. Available at: https://doi.org/10.1016/j.
apgeochem.2005.01.011.

Tuheteru, E.J. et al. (2021) ‘Water Balance of Pit 
Lake Development in the Equatorial Region’, 
Water, 13(21), p. 3106. Available at: https://doi.
org/10.3390/w13213106.

Vandenberg, J. and Litke, S. (2018) ‘Beneficial Use 
of Springer Pit Lake at Mount Polley Mine’, Mine 
Water and the Environment, 37(4), pp. 663–672. 
Available at: https://doi.org/10.1007/s10230-
017-0504-y.



528 Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)



529Pope, J.; Wolkersdorfer, C.; Rait, R.; Trumm, D.; Christenson, H.; Wolkersdorfer, K. (Editors)

Integrated and Sustainable Mine Water Management 
Solution for Witwatersrand Gold Fields

Viswanath Ravi Kumar Vadapalli1, Henk Coetzee1, Sisanda Gcasamba1, Koena  
Ramasenya1, Thakane Ntholi1, Sammy Nyale1, Ethel Sinthumule2, Molefe Morokane2

1Council for Geoscience, Pretoria 0001, South Africa, vvadapalli@geoscience.org.za, henkc@geoscience.
org.za, sgcasamba@geoscience.org.za, kramasenya@geoscience.org.za, tntholi@geoscience.org.za, sammy.

nyale@outlook.com  
2Department of Mineral Resources and Energy, Pretoria 0001, South Africa, Ethel.Sinthumule@dmre.gov.

za, Molefe.Morokane@dmre.gov.za

Abstract
The flooding of the Witwatersrand gold basins is one of the critical issues around mine 
water management in South Africa. Previously, a high level assessment by an Inter-
Ministerial Committee, advised pumping and treating of mine water among others. 
However, this option is expensive and drain valuable resources. Research undertaken 
by the Council for Geoscience on behalf of Department of Mineral Resources and 
Energy suggests that environmental critical limits can be relaxed, subject to further 
investigations. In addition to adjusting Environmental critical limits, complementary 
management options such as mine water discharge adits, ingress control measures 
and in-situ treatment can be integrated. 
Keywords: Witwatersrand gold fields, Mine water management, Environmental critical 
limits. 

Introduction 
A high level assessment by an Inter-Ministerial 
Committee (IMC), advised by a Team of 
Experts on Acid Mine Drainage in 2011 
identified risks related to mine flooding and 
rising water levels, including contamination 
of shallow groundwater, geotechnical, seismic 
and ecological impacts, regional impacts on 
major rivers systems and localised flooding in 
low-lying areas in Witwatersrand Goldfields. 
Therefore, the IMC Team of Experts on AMD, 
recommended that the water level in the three 
original mining basins (Eastern, Central and 
Western) should be maintained at or below 
certain environmental critical levels (ECLs) 
– the site-specific highest water level within 
a mine void where no mining influenced 
water flows out of the mine workings into the 
surrounding groundwater or surface water 
systems – through:
• Pumping and treating of mine water in all 

the three basins; and
• Prevention of surface water ingress from 

entering into the mine voids.

Consequently, as a short term intervention, 
pump stations feeding High Density Sludge 
(HDS) treatment plants were established 
in all the three basins by the Department of 
Water and Sanitation and started pumping 
and treating mine water. Furthermore, 
the Council for Geoscience (CGS) and 
Department of Mineral Resources and Energy 
(DMRE) are implementing a programme to 
identify surface ingress points and construct 
measures to reduce the ingress of water to 
the mine voids. This programme aims to 
reduce the volume of water to be pumped 
and treated, reduce the seasonal variability in 
inflows to the mine voids and to keep clean 
water in surface streams.

The cost of pumping and treating mine 
water in perpetuity puts pressure on the 
government fiscus. Moreover, the ECLs 
recommended in 2011 were conservative 
and based on the information available at 
that time. Subsequently, research undertaken 
by the CGS on behalf of DMRE has 
recommended that ECLs can be relaxed in 
a phased approach without compromising 
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on the status of the environment by ensuring 
adequate monitoring systems are put in place, 
and water levels are controlled in response 
to the results of monitoring. In addition to 
adjusting ECLs, complementary mine water 
management options such as discharge 
adits, ingress control measures and in-situ 
treatment can be integrated into a broader 
strategy to manage the mine water challenges 
in Witwatersrand basin before pumping and 
treating of mine water can be terminated. 
With this background, we have identified 
a potential less invasive integrated and 
sustainable mine water management system 
for the Witwatersrand gold fields. 

Conceptualisation of an integrated 
solution
The solution presented in this article was 
conceptualised based on:
• the monitoring data received from De-

partment of Water and Sanitation (DWS) 
on mine water levels and water quality in 
the mining basins,;

• Extensive experience and improved 
knowledge on the Witwatersrand mine 
water behavioural patterns, 

• A preliminary concept of discharge adits;
• Results from the surface water ingress 

control measures into the mine voids; and
• Data collected during a period when 

lime-neutralised tailings were disposed of 
in the western basin and laboratory trials 
using various alkaline materials as in-situ 
neutralising agents. 

In-Situ water treatment
Between 2016 and 2018, a mining company 
operating in the Western Basin disposed of 
limed tailings into an open pit connected 
directly to the underground mine workings. 
During this period, it was observed that the 
quality of water collected at sampling points 
in the mine void and pumped from the void 
improved. After the cessation of operations, 
the water quality returned to levels similar 
to those which had existed before the 
commencement of this operation. While this 
was not a planned or intended consequence 
of the tailings disposal, the potential for 
in-situ neutralisation of mine water in the 
Witwatersrand was noted.

South Africa is a developing country 
and a massive infrastructure development 
planning is underway to stimulate the 
economy. Therefore, it is expected that 
number of aged buildings will require re-
construction and as a result, there will be 
a substantial increase in the generation of 
waste concrete in the country. This requires a 
fundamental shift in the strategy on how this 
waste stream will be managed. Considering, 
the alkaline properties of waste concrete and 
challenges around mine water management 
in South Africa, waste concrete was identified 
as a potential in-situ mine water neutralising 
agent.      

Laboratory trials were conducted 
to understand the potential of in-situ 
neutralisation of water in the mine voids, 
using waste concrete as an in-situ neutralising 
agent. As an initial step, an alkaline mixture 
at a waste concrete: tap water ratio of 2:1 was 
prepared. This was introduced into a reaction 
container (without agitation) to make an 
alkaline mixture: mine water slurry at a ratio 
of 1:13, to mimic introduction of alkaline 
material into the mine voids. The pH and EC 
of the samples were measured over a period 
of 28 days, and a sample of the water was 
analysed for metal and anion concentrations 
at the end of the 28 day period. 

A rapid increase in pH- from 5.6 to 
6.6 was observed within one minute upon 
introduction of waste concrete slurry into 
the raw mine water. Subsequently, the pH 
of the mixture further increased to 7.83 on 
day seven and then stabilised and remained 
constant until the last day of monitoring (28 
days). The results generally suggested that the 
neutralisation of the mine water improved 
with contact time. Likewise, the electrical 
conductivity (EC) readings decreased from 
4.96 mS/cm to 3.52 mS/cm within one 
minute upon introduction of waste concrete 
slurry into the raw mine water. On day seven, 
the EC had reached 3.50 mS/cm with a final 
value of 3.84 mS/cm on day 28. 

After 28 days of in-situ treatment, 
the sulfate concentrations in the mine 
water reduced from 3,563 mg/L to 2,479 
mg/L, which is similar to the final sulfate 
concentrations in the treated mine water 
discharged from the HDS plant which treats 
this water. Ca from the waste concrete was 
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leached into the reaction mixture with final 
concentrations above the initial levels in the 
raw mine water. A notable percentage of 
Fe and Mn levels were also observed to be 
removed in the final treated mine water. 

Discharge Adits
The use of discharge adits to drain flooded 
mine voids in the Witwatersrand goldfields 
was also considered. Discharge adits are 
useful in controlling flooding in underground 

mines, owing to their design which takes 
advantage of gravity to allow for the free flow 
of water from mines. It was recommended 
that in areas where the topography allows 
an adit to be constructed to intercept the 
mine workings at an acceptable water level, 
the construction of discharge adits in the 
Witwatersrand goldfields could present a 
cheaper option compared to the current 
scenario of pumping large volumes of water. 
Furthermore, discharge adits will not only 

Figure 1. Schematic design of drainage adit (Source: adapted from Bourgeot et al., 2016).

Figure 2. Potential discharge adit sites in the West Rand Goldfield.
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offer a solution to flooding control but may 
also act as an excellent drainage pathway 
for treated water after in situ treatment 
process, thus helping in reducing the overall 
operational costs of mine water management. 
Figure 1 is a schematic design of a drainage 
adit (Bourgeot et al., 2016). 

Studies into the construction of adits/
tunnels, for controlled water discharge in 
parts of the Witwatersrand goldfields, have 
previously been conducted (Arnold et al., 
2005). The studies resulted in the identification 
of potential sites for the construction of 
discharge adits, as well as detailed designs 
for the proposed adits. Potential sites have 
been identified in all the three basins of wits 
basin. Figure 2 is a potential discharge adit 
site based on the Shuttle Radar Topography 
Mission (SRTM) Digital Elevation Model 
(DEM) in the West Rand goldfield.

Ingress Control 
Flow of water into the mines of the 
Witwatersrand has been an issue since the 
early days of mining. Scott (1995) compiled 
anecdotal evidence and historical records 
detailing the inflow of water into mines, as 
well as early measures undertaken to prevent 
the ingress of water into the underground 
workings. A programme, supported by 
the Department of Mineral Resources and 
Energy has been identifying and constructing 
engineering measures to reduce the ingress of 
surface water into the underground workings 
(Barradas et al., 1996; Coetzee et al., 2021; 
Palmer et al., 2006; van Biljon & Walker, 
2001). The underlying logic of ingress control 
is that preventing the flow of surface water into 
the underground mine workings keeps that 
volume of water on the surface in a relatively 
unpolluted state. If the water flows through the 
mine workings, it will become contaminated 
by interaction with sulfide minerals and their 
soluble oxidation products. This water will 
then either discharge to the surface, creating 
extensive downstream pollution (Hobbs & 
Cobbing, 2007), or require pumping from 
the underground workings and treatment 
before reuse or discharge to the environment. 
Ingress control is therefore seen as a lower 
cost and energy efficient (Ntholi & Madzivire, 
2018) water management option, as it avoids 
the cost of pumping and water treatment.

Examination of the pumping records 
from the existing pump and treat plants in the 
Witwatersrand shows a substantial seasonal 
difference between inflows in the region’s wet 
summers and dry winters, as well as short-
term variations caused by intense rainfall 
events. As long as water management relies 
on pumping, this can be accommodated 
using the mine voids to buffer volumes. A 
gravity-driven discharge system will not be 
able to buffer the effects of variable ingress 
volumes. As ingress control measures target 
surface water, where flows are strongly 
influenced by seasonal cycles and individual 
rainfall events, the implementation of ingress 
control will tend to reduce variability of flow 
from the mine workings.

Ingress control measures which have been 
identified include:
• The construction of canals crossing the 

zones of shallow undermining, to prevent 
seepage and direct flow into workings;

• The sealing of mining, subsidence and 
localised geological structures which 
link surface water bodies with the under-
ground workings; and

• Diversion of surface water away from 
undermined zones to prevent seepage or 
direct inflow.

A number of measures of all three types 
have been successfully implemented in the 
Witwatersrand Goldfields. Ingress volumes 
calculated using water level and pumped 
volume data from the Eastern Basin Plant 
have shown that well-planned ingress control 
measures can result in substantial cost savings 
for water management.

Revision of ECLs
The 2010 report to the Inter-Ministerial 
Committee on Acid Mine Drainage 
(Coetzee et al., 2010) defined environmental 
critical levels (ECLs) as the highest level to 
which water can be allowed to rise in the 
underground workings of the Witwatersrand 
without posing a risk to the surrounding 
environment, including groundwater 
resources. ECLs were recommended for the 
Western, Central and Eastern Basins, based 
on the information available at the time. 
A lack of specific information necessitated 
a number of conservative assumptions, 
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resulting in ECLs which, while safe, included 
a large safety margin. As more information, 
particularly from targeted monitoring 
programmes becomes available, it is expected 
that these ECLs can be relaxed, with two 
benefits:
• Pumping from shallower depths will be 

cheaper; and
• Allowing the water levels to rise in the 

mine voids will exclude oxygen from the 
upper part of the workings, decreasing the 
generation of new acidity by the oxidation 
of sulfides. This effect will be limited as 
substantial workings are known to exist 
above the level of the lowest lying shafts 
that would define the eventual water level 
if no pumping took place.

Even with the elevated water levels in the 
mine workings, following two successive 
La Niña events, leading to higher than 
usual rainfall, compounded by lower-than-
expected volumes pumped, no groundwater 
contamination has been reported in areas 
likely to be affected by the Central and 
Eastern Basins. In the Western Basin, the 
workings are almost completely flooded, 
resulting in localised subsurface flow to an 
adjacent karst system and some seepage 
of contaminated water to the surface. It is 
therefore recommended that the ECLs in 
all three basins can be adjusted to shallower 
depths, on the condition that current 
monitoring systems are maintained and 
extended to provide early warning of any 
groundwater contamination.

Discussion
Combining these elements of water 
management, a hypothetical long-term water 
management strategy is developed, aiming 
to achieve the key objectives highlighted 
in the Team of Experts’ report to the Inter-
Ministerial Committee in 2010. This strategy 
aims to reduce the long-term cost of mine 
water management, align with the United 
Nations sustainable development goals 
and (United Nations, 2018) and produce a 
solution which prioritises resilience. The key 
elements of this strategy are presented in 
Table 1.

This complements and reduces the 
burden on the short to medium term mine 
water management strategy by reducing the 
volumes and improving the quality of mine 
water to be treated and perhaps provides an 
alternate solution for long term management 
of mine water, which relies on desalination 
(Department of Water Affairs, 2012) 
with the attendant high costs and energy 
requirements., , However, the feasibility of 
this approach still requires additional study, 
to determine optimal ECLs for the three 
basins, and fully investigate the potential of 
in-situ treatment and possible requirements 
for post-discharge measures to improve water 
quality. A number of ingress control projects 
have been successfully implemented and have 
been demonstrated to reduce the volume of 
water flowing into the underground workings.

Water management objective Proposed management option Enabling factors

Discharge water at an environmentally 
acceptable quality.

Implement in-situ treatment before 
final discharge to the environment. 

Reduction in discharge volume and 
seasonal variability in volume to be 

achieved via ingress control.

Maintain the water level at an 
environmentally acceptable level

Develop discharge adits at appropriate 
elevations.

Optimisation of the ECLs will allow 
shorter discharge adits to be used, 

reducing overall cost.

Keep clean water clean Ingress control to minimise flow 
through the mine void, resulting in 

water contamination

Table 1 Proposed long-term sustainable water management strategy
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Conclusions
A conceptualised alternative sustainable 
solution for mine water management in 
Witwatersrand mining basins, based on the 
integration of less aggressive technologies 
is proposed. The different mine water 
management elements such as rising ECLs, 
in-situ treatment, discharge adits and 
ingress control can be practical in long term 
and should be studied further, and can be 
combined with other water management 
options.
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Abstract
The self-purification potential of rivers contaminated by Acid Mine Drainage 
(AMD) released from the tailings dump of the Sungun mine (NW of Iran) and the 
bioaccumulation potential of suspended and floating algae in the rivers were studied. 
By moving away from the mine and via contact of AMD with limestone pebbles in the 
riverbed,metal concentrations decrease due to the increase in pH. Dilution due to mixing 
with other stream brunches also has a considerable effect on natural attenuation. The 
population density of algae illustrated an adverse relationship with metal concentration 
and algae showed a high capacity to bioaccumulate metals. 
Keywords: Natural attenuation, Metal pollution, Surface water Pollution,  
Algae bioaccumulation

The Role of Natural Attenuation in the Decrease 
of Metal Concentration in a River Polluted by AMD 

Released from Sungun Mine (NW of Iran)
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Haji Ahmadi, Morteza3
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Introduction 
Mining has been identified as one of the 
major sources of metal pollution in surface 
water (Gao et al. 2022).  Acid mine drainage 
(AMD) is attributed to mining for minerals 
such as Cu. AMD enters nearby freshwaters 
and has substantial adverse effects on aquatic 
biodiversity, reducing the value of the water 
for agricultural, recreational or industrial 
uses, and making it unsafe for human 
consumption (Tripole et al. 2006). Some AMD 
is treated naturally through increasing the 
pH, which causes precipitation of oxide and 
hydroxide minerals which effectively adsorb 
metals and metalloids in AMD (Chikanda et 
al. 2021). Using organisms is a valid method 
for estimating the existence of metals and 
their availability in an aquatic system. Algae 
have the ability to accumulate metals within 
their organs (Hamidian et al. 2016) and they 
have proven to be reliable indicators for 
monitoring metals in aquatic environments 
(Ali et al. 2021). Besides, algae are the first 
link in the aquatic environments food chain 
and as such any effect on them has ripple 

effects on subsequent members of the food 
chain or trophic levels (Abirhire and Kadiri 
2011). Shamshad et al. (2015) tested four 
freshwater algae for their bioaccumulation 
capacity for cadmium (Cd), chromium (Cr) 
and lead (Pb) in a controlled environment. 
The results indicated that the removal of 
metals was higher with low levels of metals 
in aqueous solutions. The results of a study 
by (Bakatula et al. 2014) demonstrated that 
algal biomass could be used as an efficient 
biosorbent for the treatment of trace element-
bearing wastewater.  

Sungun copper mine is a porphyry copper-
molybdenum mine located in NW of Iran. 
The main environmental and social challenge 
in this area is high levels of metal pollution 
because of mining activities, which affected the 
surface water and aquatic organisms. In this 
research, the amount of pollution in surface 
water by metals are evaluated. The potential of 
natural attenuation and the bioaccumulation 
potential of algae are also studied to help 
decision makers and authorities in conducting 
future remediation scenarios.
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Figure 1 Locations of sample stations in Ilgineh Rivers’ Basins

Study area
Sungun copper mine, as the largest open-cast 
copper mine in the NW of Iran, has been 
exploited since 2008 (Nasrabadi et al. 2009). 
This valuable porphyry deposit is located on 
the international metallurgical belt called Alp 
Himalaya in East Azarbaijan province, 105 
kilometers northeast of Tabriz, NW of Iran 
and has been known for almost one billion 
tons of sulfide copper ore reserve (Rezaei et 
al. 2020). Ilgineh basin is the main basin in 
the area, in which Sungun and Pakhir Rivers 
are the permanent rivers, flowing in this 
area and the ore deposit is located between 
them. Mine tailings which are deposited in 
Pakhir valley are drained by Pakhir River at 
the foot of the tailings. This drainage causes 
dissolution of minerals, such as malachite Cu2 
(CO3) (OH)2 and azurite Cu3 (CO3)3(OH)2, 
releasing metals and producing acid mine 
drainage (AMD) (Aghili et al. 2018) (Fig. 1).

Materials and methods
Nine surface water points were sampled in 
winter 2019 and summer 2020 and collected 

in pre-cleaned plastic bottles to evaluate the 
quality of surface water and the concentration 
of toxic metals (Hg, Zn, Mn, Al, Ag, Ni, Pb, Fe, 
Cu, Cr, Cd and B) in Sungun copper mine area 
(Fig. 2). Sampling was done from the branches 
of Ilgineh river, which is the main limited 
drainage system of the mine, and also from 
the beginning of Ilgineh itself. The suspended 
algae and algae floating in the depth of 1 to 
15 cm of water were collected at the sampling 
stations in order to investigate the existence 
of microorganisms in the surface water. One 
litre (1L) polyethylene (PET) containers were 
used for sample storage. They have been 
rinsed three times then filled completely and 
then sealed to avoid interfering reactions 
with the air. Then they were acidified to 
pH < 2 using concentrated reagent-grade 
HNO3 and were stored on ice until analysis. 
Physicochemical parameters were measured 
in situ such as temperature (°C), EC, TDS and 
pH using a HI98194 multi-parameter probe. 
PET containers with few cc of formaldehyde 
to fix the samples for algae samples and one-
liter containers for other samples, were used. 
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Table 1 Concentration of toxic metals in water samples during the cold season (mg/L)

Cu Mn Cd Zn Hg Al Fe Stations

0 0 0.0044 0.12 0 0.0124 0.1 ST-I-R-001

0 0 0 0 0 0.0115 0 ST-I-R-002

0.42 0.74 0.0072 0.41 0.107 0.0142 0.23 ST-I-R-004

70.47 21.17 0.0517 3.2527 0.416 0.0174 0 ST-I-R-006

63.1 21.52 0.0493 3.322 0.31 0.0113 0 ST-I-R-007

0.38 0.56 0.0086 0.774 0 0.0106 0.32 ST-I-R-078

0 0 0.0042 0 0 0.0113 0 ST-I-R-008

0 0 0 0 0 0.0134 0 ST-I-R-009

0.29 0 0.0037 0 0 0.0123 ST-I-R-010

The samples were then transported to the 
laboratory. The titrimetric method was used 
to determine the carbonate and bicarbonate 
concentrations. Analytic jena_specord200 
device was used to quantify the phosphate, 
nitrite, nitrate and fluorine. All the metals 
were measured using an atomic absorption 
device (Jene_vairo06 analytical model). The 
algae samples were prepared according to 
the standard methods (Abirhire and Kadiri 
2011) and then transferred to the soil science 
laboratory of Tabriz University to study their 
population and bioaccumulation capacity 
for metals. Bio-concentration factor (BCF) 
is one of the indices that shows the direct 
absorption of chemical compounds by living 
organisms through the water they are living 
in (Barron 1995). In addition, the amount 
of the bio-concentration factor can indicate 
the ability of the intended organisms to 
remediate the pollutants (Sasmaz et al. 2008). 
BCF is obtained using the following equation 
(Chiou 2003):

BC = (Concentration of pollutant in living organisms)
(Concentration of pollutant in river water)  

Table 2 Concentration of heavy and toxic metals in water samples during the warm season (mg/L)

Cu Mn Cd Zn Hg Al Fe Stations

0.23 0.15 0.026 0 0 0.05 0.046 ST-I-R-001

0.35 0.18 0.007 0 0 0.084 0.12 ST-I-R-002

3.03 0.22 0.003 0.087 0 1.07 5.32 ST-I-R-004

50.1 24.22 0.4 1.33 0 41.66 5.67 ST-I-R-006

40.75 21.72 0.032 1.22 0 40.5 4.74 ST-I-R-007

1.14 3.68 0.033 0 0 0.022 0.5 ST-I-R-078

1.64 2.35 0.023 0 0 0.029 0.1 ST-I-R-008

0.15 0.13 0.006 0 0 0.014 0.18 ST-I-R-009

0.85 1.84 0.014 0 0 0.019 0.34 ST-I-R-010

Results and discussion
Based on the obtained results, temperature, 
pH, TDS, TSS, ES and turbidity as well as TH, 
CH, NCH, nitrite, nitrate, phosphate, BOD 
and COD for all stations in Ilgineh basin 
in warm and cold seasons were obtained. 
The distribution of the concentration of 
12 metals (Hg, Zn, Mn, Al, Ag, Ni, Pb, Fe, 
Cu, Cr, Cd and B) was analyzed in samples 
from cold and warm seasons (Tables 1-2). 
The concentrations of boron, chromium, 
silver, nickel and lead in in cold and warm 
seasons were below the detection limit. In 
this research, the highest concentration of 
metals is related to the stations that have the 
shortest distance from the tailings dump as 
in previous studies in this area (Aghili et al. 
2018; Azizi et al. 2021; MollapirirLivari 2013)

There is a direct relationship between 
low pH and high concentration of Cu, Mn 
and Zn. The concentration of these elements 
increases with the decrease of pH in stations 
ST-I-R-006 and ST-I-R-007. However, the 
pH increases toward the downstream, due 
to the reaction of the water with the existing 
limestone of the river bed (Fig. 3).
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Figure 2 Changes in concentrations of Cu, Mn and Zn according to pH
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Water samples taken in the cold season 
from the Ilgine River at the sampling depth 
of 1 to 15 cm illustrates the absence of algae 
population in the cold season. In the warm 
season, most of the algae in the Ilgineh 
basin waters are cyanobacteria and diatoms. 
The effect of copper as the main pollutant 
in Ilgineh basin on the population density 
of algae demonstrates that the highest 
population density of microorganisms occurs 
at station ST-I-R-004, which is before the 
Sungun and Pakhir Rivers’ adjoining in 
which, there is not high concentrations of Cu.  
Increasing concentrations of metals such as 
Cu is observed due to the passage of Pakhir 
River through the tailing dumps in the Pakhir 
Valley. As a result, the concentration of algae 
in the next stations declines to zero. However, 
there is a peak in station ST-I-R-009, which is 
due to the joining of the Miankafeh River the 
impact of dilution (Table 3)

The bioaccumulation potential of Cu, 
Cd, Mn and Zn as the main pollutants in 

Table 3 Population density of algae in warm season sampling stations of Ilgine Basin

Samples Depth for sampling Cyanobacteria (%) Diatom (%) Average algae per ml

ST-I-R-001 0 – 15 cm 0 100 4

ST-I-R-002 0 – 15 cm 0 100 3

ST-I-R-004 0 – 15 cm 0 100 13

ST-I-R-006 0 – 15 cm 0 100 5

ST-I-R-007 0 – 15 cm 0 0 0

ST-I-R-078 0 – 15 cm 0 0 0

ST-I-R-008 0 – 15 cm 0 0 0

ST-I-R-009 0 – 15 cm 0 100 4

ST-I-R-010 0 – 15 cm 0 0 0

ST-I-R-001 Floating algae 34% 66% 103

ST-I-R-078 Floating algae 28% 72% 50

ST-I-R-008 Floating algae 42% 58% 36

ST-I-R-009 Floating algae 0 100% 60

the rivers in the area was investigated in the 
algae samples floating on the surface of the 
rivers of Ilgineh basin (warm season). In 
station ST-I-R-001 located in Sugun River, 
where no tailings have been discharged, the 
bioaccumulation of metals is low (263.12 mg/
kg). The concentrations of the analysed metals 
in river water in this station are also low. After 
moving downstream and joining the Pakhir 
River, which is passing through the tailing 
dumps, accumulation of metals in algae 
increases considerably. So that the highest 
amount of accumulation in algae for Cu, Cd, 
Mn and Zn elements in station ST-I-R-08 is 
16761.07, 14.7, 104.89 and 1358.57 mg/kg, 
respectively. With the increase in the amount 
of pollution and biological accumulation of 
these elements in the algae, their population 
density decreases from 103 numbers per 
mL in station ST-I-R-001 to 36 numbers per 
mL in station ST-I-R-008, which means that 
there is an adverse relationship between them  
(Fig. 3) (Fig. 4).
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Figure 3 Cu and Zn bioaccumulation in floating algae (mg/kg)

Figure 4 Mn and Cd bioaccumulation in floating algae (mg/kg)
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Bio-concentration factors indicate high 
accumulation of metals in algae. According 
to the results, copper has the highest 
bioaccumulation potential among the main 
pollutants in the study area (Tab. 6).

Conclusions
Cu, Mn and Cd were recognized as the 
main pollutant metals in Ilgineh Basin. The 
highest amount of pollution was found near 
the tailings in Pakhir Valley, but there is an 
inverse relationship between pH and the 
concentration of metals in water samples 
due to the reaction with the limestones of 
the riverbed. The water temperature and the 
concentration of pollutants affect the amount 
of blue - green algae and diatoms in the study 

Table 4 Bioconcentration factor (BCF) for elements copper, cadmium and manganese in sampling stations

BCF (Mn) BCF (Cd) BCF (Cu) Stations

411.2 289 - ST-I-R-001

10.45 259 2550 ST-I-R-078

44.63 639 - ST-I-R-008

area. Algae have been affected by mining 
activities, so that in the stations with high 
concentration of metals, their population 
density becomes zero. There is an increase 
in bioaccumulation of metals in algae and 
decrease in metals concentrations in river 
water by moving downstream in Ilgineh 
Basin. The process of self-purification in this 
basin is highly active and is influenced by the 
limestone bed of Ilgineh river, the dilution 
of pollutants due to water entering from 
sub-branches such as Miankafeh River and 
the role of algae. It is recommended to use a 
suitable impermeable surface to prevent the 
infiltration of precipitation into the tailings 
as the main source of pollution is related 
to tailling dumps. Besides, it is suggested 
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to investigate the ability of each species in 
bioaccumulation by cultivating different 
algae species in the study area.
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Extended Abstract
For the first time, the climate of opinion on the topics of mine water and mine flooding 
was evaluated in three German hard coal post-mining regions, namely Ibbenbüren, 
the Ruhr area and the Saarland. Each region has its own geographical as political 
characteristics and mining history. All underground mines in Ibbenbüren and the 
Ruhr area were closed in 2018, and already in 2012 in the Saarland. The prevailing 
opinions and emotions of the population regarding mine water, mine water treatment, 
mine flooding as well as the acceptance of the rehabilitation measures and the mining 
company were investigated. This study is based on a representative telephone (CATI) 
and online survey (CAWI) with 1,527 participants in the respective regions (Table 1).
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As can be seen, the opinion of the population 
towards mine flooding and mining issues 
does not differ substantially in Ibbenbüren, 
but overall it is more positive than in the 
Ruhr area and Saarland. In general, there is 
little interest in mining-related topics as well 
as in environmental protection or renewable 
energy issues, but those who are interested in 
one of the topics are usually also interested 
in the others. Many participants indicated 
that they would like more information about 
mine flooding. Of the stakeholders concerned 
with mine water, the mining company is seen 
as most likely to be able to solve potential 

problems, while politicians are least expected 
to solve them (Figure 1).

The term mine flooding 
(“Grubenflutung”) is seen slightly more 
positively by respondents than mine water 
rebound (“Grubenwasseranstieg”), with 
the Student’s t-test showing no statistically 
significant differences. Compared to other 
surveys around the world, the results are 
similar, suggesting that experiences with the 
mining company influence emotions towards 
rehabilitation measures and the risks people 
attribute to them. However, people want 
transparent and understandable information, 

Table 1 Participation in the survey according to the survey form. “Screenout” refers to individuals who were 
excluded because a given quota was already reached.

n CAWI % n CATI % n Total %

Gross sample 1,375 101% 7,741 202% 9,116 161%

Neutral failures/rejects 20 1% 3,918 102% 3,158 61%

Adjusted sample (set to 100%) 1,358 100% 3,823 100% 5,181 100%

Rejection, no interest – – 3,325 87% 3,325 64%

Termination after interview begun 241 18% 82 2% 323 6%

Screenout 82 6% – – 82 2%

Interviews complete 1,111 76% 416 11% 1.527 29%

Field time 27.3. – 14.4.2020 11.5. – 19.6.2020 27.3. – 19.6.2020

Survey regions Ibbenbüren, Ruhr area, 
Saarland

Ibbenbüren, Saarland Ibbenbüren, Ruhr area, 
Saarland
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Figure 1 In your opinion, how high is the influence of the following actors to solve problems with mine water 
and to increase the benefits? Results sorted by the sum of Very high and High replies.
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have a positive attitude towards mine water 
treatment and are generally opposed to mine 
flooding.

Following a survey in the Australian 
community of Brukunga, which is affected 
by mine water from the Nairne pyrite mine, 
Armstrong and Fanning (1994) concluded 
that “failure to be honest with the public 
over environmental issues will only lead to 
confrontation and possibly costly litigation”. 
Pérez-Sindín and Blanchette (2020) found 
that even if the mining company openly 
provides all information about rehabilitation 
after mining, people may question the 
information they receive based on their 
experience with the company. This survey 
in Germany similarly showed that people 
who were positively associated with the 
mining company were more likely to view the 
proposed flooding scenario positively than 
others. In addition, a discrepancy between 
the level of information provided by the 
mining company and people’s perception of 
information was found. This can specifically 
be seen in Ibbenbüren, the Ruhr area and 
the Saarland, and lead to the conclusion that 
the more informed someone feels, the more 
positive is the attitude towards the mining 
company’s measures and mine flooding.

Clearly, more easily understandable 
information is needed in local and social 
media as well as on company and authority 
websites (e.g. Walter 2021). The problem is 
that bad news sells better than good news or 
information content. The positive aspects of 

mine water and the benefits of mine water 
treatment need to be mentioned more often, 
as the group of people with an indifferent 
opinion is still quite large.

This and other surveys have shown 
that many people do not feel sufficiently 
informed about the activities of mining 
companies. Based on the survey results, 
informing the population via local media 
and circulars in letterboxes is one way to 
close this information gap. Other possibilities 
would be regular blogs or e-mail newsletters. 
It can be concluded that honest and 
transparent communication on all fronts 
and an improvement in communication 
with the municipalities, as opposed to the 
mantra-like repetition of the term “mine 
water rebound”, can markedly improve 
the attitude of the population towards the 
planned mine flooding in the three mining 
regions of Ibbenbüren, the Ruhr and the 
Saarland. Through this communication, the 
population’s trust in the mining companies’ 
handling of the opportunities and risks of 
mine flooding can be strengthened.

The research results contribute to 
the development of information and 
communication measures adapted to the 
respective mining regions. These serve as 
a template for future mine flooding plans 
worldwide and will lead to substantial cost 
savings for mining companies. In addition, 
emotions and the acceptance of, or increase 
in, mine water and mine flooding are 
explicitly essential for the implementation 
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of future R&D projects in all post-mining 
regions of the world.
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Abstract
In the western United States, bulkheads are constructed to limit drainage from abandoned, 
draining mine adits and to protect downstream resources from uncontrolled releases of 
degraded adit water. Although bulkheads improve safety and water-quality conditions 
at the mouth of the adit, elevated hydraulic pressure behind the bulkhead often causes 
continuing water-quality problems in new locations. Solutions to improve water-quality 
outcomes from bulkheads might include in situ or ex situ passive or active treatment 
of mine-pool water or continuing tunnel drainage, in situ treatment of groundwater 
plumes resulting from bulkhead emplacement, direct extraction of metals from mine 
water, or bactericide application. 
Keywords: Mine Tunnels, Passive Remediation, Bulkheads, Reclamation,  
Legacy Mine Lands

Introduction 
Current (2022) trends toward greater 
use of high technology and renewable 
energy sources are driving exploration and 
mining for rare and critical commodities 
that sustain these technologies. Against 
increased exploration and mining pressure 
stands the legacy of contamination on mine 
lands largely abandoned before the advent 
of modern regulations. Increased mining 
activity may benefit from more sustainable 
mining and reclamation practices applied to 
former mined lands.

Reclamation of abandoned mine lands 
presents multiple challenges including 
funding, liability concerns, limits of available 
technology, remote location of some sites, 
and gaps in comprehensive understanding 
of which waste sources contribute the most 
to ecosystem degradation; and therefore, 
most warrant cleanup. Some of these issues 
are beyond science (funding and liability 
concerns). However, progress on other issues 
is possible through scientific investigation 
and engineering solutions. Some of the 
most lingering and vexing challenges of 
reclamation are contamination to waterways 
and ecosystems from mine-influenced water 

(MIW), including drainage from abandoned 
mine tunnels and seepage from mine waste 
and tailings.  

The objective of this paper is to review 
recent examples of the reclamation strategy 
of using bulkheads to improve water quality 
from draining mine tunnels in the western 
United States. In addition, we explore tech-
niques to potentially improve the water-
quality outcome of this strategy. 

Bulkhead installations to improve 
water quality 
Reclamation of draining mine tunnels using 
bulkheads is designed to improve water 
quality by limiting drainage of poor-quality 
water from the bulkheaded tunnel, and 
secondarily, by submerging remaining sulfides 
under water in open mine workings, which 
limits exposure of sulfides to oxygen and, 
theoretically, generation of MIW. Bulkheads 
generally improve safety by protecting 
infrastructure and downstream ecosystems 
from the effects of tunnel blowouts which are 
uncontrolled releases of water and sediment 
from underground mine workings, for 
example the 2015 Gold King mine release in 
Colorado, USA (U.S. Department of Interior, 
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Bureau of Reclamation 2016). However, 
examples from bulkheads installed at Cement 
Creek, Dinero Tunnel, Captain Jack Mine, 
and Golinsky mine (fig. 1) indicate the water-
quality effects are mixed. 

Cement Creek, Silverton, Colorado
Problem
Cement Creek is tributary to the Animas 
River in southwestern Colorado, USA. From 
the early 1870s through 1991, extensive 
mining in over 60 km of mine tunnels 
recovered silver, lead, zinc, copper, and 
gold from polymetallic veins (Church 2007; 
Church et al. 2007). Cement Creek has 
low pH (as low as 3.2) and elevated metal 
concentrations (Cu, up to about 0.15 mg/L; 
Mn, up to about 3 mg/L; Zn, up to about 
1.7 mg/L) (fig. 5, Walton-Day et al. 2021) 
resulting from acid mine drainage and acid 
rock drainage from extensive hydrothermal 
alteration (Church 2007). 
Strategy and Results
Extensive reclamation to improve water 
quality in Cement Creek has targeted both 
solid mine waste and mine drainage and 

includes limited periods of active water 
treatment. Numerous bulkheads have 
been installed in draining mine tunnels to 
improve mine tunnel and downstream water 
quality. Bulkhead closure coincided with and 
likely caused increased drainage of poor-
quality water from other, non-bulkheaded 
tunnels resulting in little to no substantial or 
long-lasting water-quality improvement in 
Cement Creek (Petach et al. 2021; Walton-
Day et al. 2021). Additional bulkheads are 
planned in the area. Water quality could 
improve after all bulkheads are emplaced, 
and/or through time, as slowly rising water 
levels might submerge and retard oxidation 
of sulfide minerals. 

Dinero Tunnel, Leadville, Colorado
Problem
Mining of silver, gold, lead, and zinc occurred 
at the Dinero Tunnel in the Sugarloaf mining 
district near Leadville, Colorado, USA from 
the 1880s until the 1920s. The Dinero tunnel 
was driven to drain overlying mine workings 
and prior to reclamation discharged up to 7.4 
× 10-3 m3/s of water having near neutral pH 

Figure 1 Map showing locations of Cement Creek, Dinero Tunnel, Captain Jack, and Golinsky mines in the 
western United States
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and elevated dissolved concentrations of Mn 
(up to almost 70 mg/L) and Zn (up to almost 
35 mg/L). Tunnel discharge negatively affects 
downstream water quality (Walton-Day and 
Mills 2015; Walton-Day et al. 2021)
Strategy and Results
A bulkhead constructed and sealed in Dinero 
Tunnel in 2009 resulted in mixed water-
quality responses. Between 2010 and 2017, 
at Dinero tunnel portal significant (p<0.05) 
decreases occurred for mean discharge 
(85%) and dissolved Mn (73%) and Zn 
(96%) concentrations (Walton-Day et al., 
2021). However, compared to pre-bulkhead 
conditions, water quality degraded at a nearby 
draining adit and in two creeks adjacent to 
Dinero tunnel. Downstream, mean dissolved 
Mn concentrations significantly (p<0.05) 
decreased after bulkhead installation, but Zn 
concentrations did not significantly improve 
(Walton-Day et al. 2021). 

Captain Jack Mine, Ward, Colorado
Problem
Historical mining (1860s through 1992) at 
the Captain Jack Superfund site near Ward, 
Colorado, USA drove multiple intersecting 
tunnels into the subsurface to exploit 
precious and base metal mineralization 
hosted in Tertiary igneous dikes. The Big 
Five adit draining the mine workings has low 
pH (as low as 2.5) and elevated metal and 
sulfate concentrations (Cu, up to as much 
as 5 mg/L; SO4, up to as much as 750 mg/L; 
Zn, up to almost 3 mg/L) (Newman 2022). 
Adit drainage negatively affects downstream 
aquatic ecosystems (Colorado Department 
of Public Health and Environment and U.S. 
Environmental Protection Agency 2020). 
Strategy and Results
Reclamation at the Captain Jack site included 
emplacement of a bulkhead and completion 
of multiple boreholes along and adjacent to 
the strike of mine workings to monitor the 
mine pool and adjacent groundwater. As 
well, an active treatment system was installed 
that, upon bulkhead closure, captures mine 
pool water, amends it with lime and organic 
materials, and reinjects the treated mine 
water back into the mine pool through a 
borehole upgradient from the bulkhead 

(Colorado Department of Public Health 
and Environment and U.S. Environmental 
Protection Agency 2019 and 2020). 

After initial bulkhead closure in May 
2018, and for approximately 18 months, 
pH decreased and metal and sulfate 
concentrations increased substantially (pH, 
down to as low as 1.5; Cu, up to as much as 
56 mg/L; SO4, up to as much as 5,300 mg/L; 
Zn, up to as much as 142 mg/L) (Newman 
2022), possibly indicating dissolution of 
large amounts of efflorescent sulfate salts 
within the mine workings similar to that 
shown by Gyzl and Banks (2007) in coal 
mines. In addition, water-level monitoring 
indicated that the water was not seeping into 
the adjacent aquifer as had been expected, 
and available storage within the workings 
was decreasing more quickly than expected, 
raising concerns about uncontrolled dis-
charges from boreholes drilled into the 
mine workings (Colorado Department of 
Public Health and Environment and U.S. 
Environmental Protection Agency 2019). 
Therefore, the bulkhead was partially opened 
in September 2018 which caused a fish kill 
downstream (Colorado Department of 
Public Health and Environment and U.S. 
Environmental Protection Agency 2019). 
Following additional site construction, 
the bulkhead was re-closed in September 
2020. The second bulkheading closure was 
designed to submerge the acid- generating 
minerals and inhibit pyrite oxidation and 
is combined with active treatment to limit 
acid mine drainage (Colorado Department 
of Public Health and Environment and U.S. 
Environmental Protection Agency 2020).   

Golinsky Mine, Shasta Lake, California
Problem
The Golinsky mine complex drains to a creek 
that is tributary to Shasta Lake in California, 
USA. The mine was last active in the early 
1900s when copper, zinc, and minor amounts 
of precious metals were recovered. A lower 
portal discharged up to about 6.7 × 10-4 m3/s 
of acidic MIW; whereas an upper portal was 
dry. The Golinsky MIW exhibited elevated 
concentrations of aluminum (31mg/L), 
cadmium (0.73 mg/L), copper (14 mg/L), 
iron (27 mg/L), manganese (0.42 mg/L), and 
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zinc (67 mg/L) (Gusek et al. 2011). Another 
adit (Portal 3), about 100 m away which had 
no known direct connections to the Golinsky, 
discharged pH-neutral water having trace 
amounts of the Golinsky Mine metal suite 
(Gusek et al. 2011). 

Concrete bulkheads were installed in 
the upper and lower portals of the Golinsky 
Mine in 2001 with the goals that the resulting 
mine pool (about 1,440 m3) would submerge 
the sulfide/pyrite in the mine workings, stop 
sulfide weathering and acidification, and the 
resulting improved mine pool water would 
disperse into the surrounding rock mass 
(Gusek et al. 2011). Unfortunately, in the wet 
season, the MIW behind the lower bulkhead 
bled off through fractures. In the dry season, 
MIW leaked around the bulkhead. The mine 
pool elevation never rose to the upper portal 
bulkhead. Water quality in the nearby “clean” 
Portal 3 deteriorated into acidic MIW (Gusek 
et al. 2011). 
Strategy and Results
Bench and pilot testing of biochemical 
reactor (BCR) technology revealed that the 
acidic MIW could be treated to acceptable 
standards and discharged (Gusek et al. 2005). 
A 4 L/min pilot-scale BCR was constructed 
about 2.4 km from the lower portal. A 
pipeline transported MIW from behind the 
bulkheads into the pilot BCR for about two 
years. Consequently, the mine pool behind 
the lower portal bulkhead was lowered. A full 
scale BCR was constructed in 2010. 

Once the Golinsky Mine pool was drained 
(starting in 2004), Portal 3 MIW water quality 
improved. Over about five years, Portal 3 pH 
values rebounded to near neutral and metal 
concentrations decreased. Coupled discharge 
measurements and water-quality data were 
used to estimate that only 264 to 442 mL/
min of MIW “leakage” (through fractures) 
from the Golinsky Mine pool was needed to 
account for the metal loading in the Portal 3 
MIW (Gusek et al. 2011). 

Techniques to further improve  
water quality from bulkheaded  
mine tunnels
The previous examples indicate that water-
quality improvement after bulkhead emplace-
ment is not guaranteed. However, due to 

improved safety after bulkhead emplacement, 
it may be advantageous to layer additional 
techniques onto bulkhead installation to 
improve water-quality outcomes. Additional 
strategies include passive and active treatment 
in situ in mine pools (e.g. Captain Jack) and 
ex situ in continuing tunnel drainage (e.g. 
Golinsky mine). 

Multiple reviews and guidelines outline 
potential treatment techniques for MIW (e.g. 
Interstate Technology Regulatory Council 
2013; Skousen et al. 2017). Techniques 
range from traditional active technologies 
that utilize acid neutralization to remove 
iron and other metals through mineral 
precipitation and sorption, to other active 
technologies that remove sulfide minerals 
(e.g. BioteQ Environmental Technologies, 
Inc. 2007; Interstate Technology Regulatory 
Council 2010a), to passive technologies that 
remove metals and metalloids through either 
oxidation/mineral precipitation/sorption or 
reduction/mineral precipitation (such as 
sulfate-reducing bioreactors, SRBs, or more 
generally, BCRs). Readers are referred to the 
references cited herein for more information. 

In situ treatment of mine pool backed up 
behind the bulkhead
One example of in situ mine pool passive 
treatment is the Lilly mine in Montana, USA, 
where platforms of organic material were 
placed into the mine pool to initiate sulfate-
reducing conditions. The system exhibited 
water-quality improvement for at least 
10 years. However, a secondary oxidizing 
treatment system was recommended for 
the tunnel portal to further improve water 
quality (Foote et al. 2007). Biochemical 
reactor technologies are being used in situ 
in the mine pool to improve water quality 
at a flooded underground uranium mine 
in Colorado. Active treatment follows the 
in situ treatment to achieve water-quality 
goals. However, pilot-scale passive and semi-
passive bioreactors and constructed wetland 
treatment systems are being investigated as 
lower cost, long-term alternatives to active 
treatment (Gault et al. 2022). 

At Dinero tunnel, ongoing work includes 
drilling into the mine pool behind the 
bulkhead to collect water-quality samples 
for bench-scale testing of passive treatment 
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technologies to investigate feasibility of in 
situ passive mine-pool treatment. Similar 
to the other passive treatment examples 
reported herein, passive treatment at Dinero 
tunnel would likely utilize sulfate reduction 
to take advantage of low oxygen conditions in 
the flooded mine workings. 

The active in situ treatment system 
previously described for the Captain Jack 
site is the only example that could be 
identified. Such systems are generally more 
expensive and maintenance intensive than 
passive treatment, though they might be 
advantageous when passive treatment is not 
an option and water-quality improvement 
is desired or legally required to protect 
important downstream ecosystems or 
infrastructure, such as drinking water intakes. 

Ex situ treatment of tunnel drainage
The BCR at the Golinsky mine is an example 
of a functioning ex situ mine drainage 
treatment system. Multiple examples of ex 
situ passive treatment systems for coal mine 
drainage exist in the eastern United States 
where Skousen and Ziemkiewicz (2005) 
report on design and performance of 116 
individual treatment systems. Examples of ex 
situ treatment of drainage from metal mines 
in the western United States are limited. Some 
sites of note include a 4.5 m3/min system at the 
Empire Mine State Historic Park in California 
that is treating iron, arsenic, and manganese, 
and two smaller systems that include BCR 
components in the Basin Creek Superfund 
Site in Montana. There is potential for more 
applications of this technique, where site, mine 
drainage, and climate characteristics favor 
successful implementation. High altitude, 
steep terrain, low pH of mine drainage, and 
harsh winter conditions at many sites likely 
limit widespread implementation of ex situ 
passive techniques. 

Active treatment of tunnel drainage 
is fairly common in metal mines in the 
western United States. These active treatment 
plants primarily utilize acid neutralization 
that promotes formation of iron flocculent 
material with sorption of other metals onto 
the iron substrate. A few examples are the 
Argo tunnel and North Fork Clear Creek in 
Colorado (Interstate Technology Regulatory 

Council 2010b; Colorado Department 
of Public Health and Environment and 
U.S. Environmental Protection Agency 
2015), continuing operations for the Gold 
King mine drainage in Colorado (U.S. 
Environmental Protection Agency 2018), 
and ongoing treatment at the Iron Mountain 
mine site in California (Jacobs et al. 2016). 
The Wellington-Oro plant near Breckenridge 
Colorado treats mine drainage and produces 
a sludge containing zinc and cadmium 
sulfides that can be extracted at smelters, 
when the market permits, or disposed as 
non-hazardous waste (Interstate Technology 
Regulatory Council, 2010a)

Other possible reclamation strategies
Additional techniques that might enhance 
water quality where bulkheads have been 
emplaced include groundwater treatment, 
extraction of metals from acid mine drainage, 
and bactericides. For the first technique, 
if localized groundwater plumes exist that 
resulted from bulkhead emplacement, for 
example in steep valleys, it might be possible 
to install permeable reactive barriers 
(Benner et al. 1999) to improve downstream 
water quality. Emerging research continues 
to investigate techniques to recover metals, 
particularly Rare Earth Elements from acid 
mine drainage (e.g. Mwema et al. 2022). 
The use of bactericides to suppress pyrite 
oxidation, is being reconsidered in the light 
of 21st century technological advancements 
(Gusek 2018).

Summary 
Case studies presented herein demonstrate 
limited water-quality improvement after 
reclamation of draining mine tunnels using 
bulkheads. There is potential to augment 
bulkhead installation with additional passive 
and active techniques, both in situ and ex 
situ, to further improve water quality and 
take advantage of the safety improvements 
afforded by bulkheads. Ideally, design of new 
bulkheads might consider the potential for 
additional water treatment, though addition 
of such techniques to existing bulkhead 
locations is also possible, given favorable site 
conditions. 
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Abstract
To ensure safe mining in a riverside mine, the source of goaf water is judged by the 
hydrochemistry method. Besides, the transient electromagnetic combined drilling 
detection method was firstly used to detect the watered goaf distribution and the water 
supply channel. The research results show that there is a simple water-conducting 
structure between the goaf and the Kuqa River. After the channel is blocked, the apparent 
resistivity of the goaf presents a high resistance characteristic, and the volume of water 
evacuation reaches 0. The water damage in the goaf has been effectively controlled, and 
the research results have been applied to the adjacent mines.
Keywords: Transient electromagnetic method; Drilling prospecting method; 
Hydrochemistry method; Goaf water; Grouting

Detection and sealing technology of river-goaf 
water supply channel and their application 

Jiaqi Wang1,2; Qiang Zhang1; Yunbo Wang1,2; Difa Gao1,2

1School of Mines, China University of Mining and Technology, Xuzhou 221116, China
2State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology, 
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Introduction 
Mine water inrush accident is an associated 
disaster of mining engineering, which 
seriously affects the safety of coal mines 
(Garcia et al. 2017; Losekann et al. 2020). 
According to incomplete statistics, from 
2000 to 2021, there were 550 coal mine water 
disasters and 2,600 deaths in China. Among 
them, water inrush disasters in goaf accounted 
for a large proportion of accidents, reaching 
more than 85%, and most of them were major 
and extraordinarily serious accidents (Wang 
et al. 2012; Odintsev et al. 2015; Liang et al. 
2016). Therefore, it is necessary to strengthen 
the investigation of goaf water, identify the 
supply water source, and cut off the supply 
channel.

At present, little research has been done 
on preventing and controlling water hazards 
in goafs near rivers. The key to prevention 
and control lies in judging the supply water 
source, identifying the water replenishing 
channel, dredging the goaf water, and 
blocking the water replenishing channel. In 
the implementation case, the buried depth of 
the goaf is shallow, and it is close to the river. 
The overlying rock in the goaf is mainly sand 
and gravel, and cracks are widely developed, 
making it difficult to identify the water source 

and the channel. Therefore, this practice uses 
the hydrochemistry method to identify the 
source of the goaf water, uses the ‘transient 
electromagnetic + drilling’ method to 
accurately detect the distribution of the goaf 
water and the water replenishing channel, 
uses the grouting method to block the channel 
and continuously observes the amount of the 
goaf water. The research results are expected 
to provide a reference for the governance of 
goaf water in shallow coal seams near rivers.

Project profile
Basic geological conditions
The test area is located in the A’ai mining 
area in Xinjiang, China, near the floodplain 
of the Kuqa River. There are 5 mineable coal 
seams inside the mine, with an average coal 
thickness of 3.0m. It is a near-horizontal coal 
seam without an obvious fracture structure. 
The coal seam has a simple occurrence and 
is suitable for mechanized mining. The 
internal strata of the minefield are mainly 
the lower Jurassic Talichike Formation (J1t), 
the Quaternary Upper Pleistocene aeolian 
colluvium (Q3eol+col), and the Quaternary 
Holocene alluvial-pluvial (Q4al+pl).

The surface water in the field is 
not developed, but the east-west gully 
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is developed. From the existing mine 
observation, no strong aquifer was found in 
the roof and floor of the coal seam, mainly 
weak aquifer and water-resisting layer. The 
borehole permeability coefficient of coal 
seam roof and the floor is 0.286 m / d, the 
unit water inflow is 0.097 L / s·m, and the unit 
water inflow is less than 0.1 L / s·m, which is a 
weak water-rich aquifer.

1.2 Survey scope and method
As water inrush accidents have occurred in 
adjacent mines, the exploration area is 0.13 
km2 in the northeastern boundary of the 
minefield, as shown in figure 1. The surface 
gully is developed in the detection area. The 
transient electromagnetic method is selected 
for detection to adapt to complex terrain and 
sensitively reflect the water-bearing structure 
and water-conducting structure. At the same 
time, it is assisted in drilling detection to 
improve the accuracy of measurement.

This transient electromagnetic method 
uses V8 multi-functional electromagnetic 
method detector. The transmitter emission 
voltage can reach up to 140 V, meeting the 
detection requirements of large current and 
large depth. The launch and reception are 
synchronized by GPS satellites. LCD large 
window real-time display voltage attenuation 
curve and apparent resistivity curve. Given 
the burial depth of the target layer in this 
area is about 40 – 150 m, the transient 
electromagnetic method exploration test on 
the ground preferentially selects the emission 

boundary with 240 m × 240 m side length, 
and the repetition rate is 25 Hz. There are 
seven transient electromagnetic survey 
lines in the survey area. The survey line is 
arranged along the east-west direction. The 
line distance is 40 m and the point distance 
is 20 m. A total of 251 measuring points are 
arranged. The arrangement of measuring 
points is shown in Figure 1. At the same time, 
two water exploration and drainage drilling 
fields are arranged in the return airway of 
the coal seam and the transportation of 
the coal seam. A total of 10 boreholes were 
constructed, of which 3 boreholes entered the 
water area of the mining area, and the other 7 
boreholes passed through the coal seam.

Identification method of water 
source and water supply channel
Water source
The hydrochemistry method was used to 
analyze the water source of goaf water. The 
chemical composition of groundwater is the 
product of long-term interaction between 
groundwater and its environment. There are 
seven kinds of Cl-, SO4

2-, HCO3-, Na+, K+, Ca2+, 
Mg2+ which are the most widely distributed 
and abundant ions in groundwater. These 
ions’ relative content and absolute content 
change with the changes of hydrogeological 
conditions or another external environment, 
so groundwater forms various water quality 
characteristics. By analyzing the content of 
seven main ions, the source of groundwater 
can be judged. 5 water samples were taken 

Figure 1 Transient electromagnetic method measuring line layout plan
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Table 1 Main hydrochemical characteristics of groundwater sampling points

Sample 
source

number
cation / (mg·L-1) anion / (mg·L-1)

Na++K+ Ca2+ Mg2+ Cl- SO4
2- HCO3-

Kuqa river

1 12.92 50.34 5.55 3.55 9.27 183.48 

2 8.69 46.97 12.43 5.50 7.59 205.51 

3 13.70 52.16 3.11 3.94 10.95 170.98 

4 4.92 61.40 7.79 5.53 8.84 209.23 

5 4.14 62.34 7.68 4.57 8.36 210.88 

Quaternary

6 13.52 61 16.39 5.25 11.52 281.05

7 18.39 65.99 15.24 4.75 9.94 305.45

8 24.72 63.21 16.7 5.85 13.74 314.35

9 22.53 59.94 13.41 6.17 2.11 296.18

10 31.18 62.24 14.95 4.93 13.99 321.07

Jurassic

11 21.28 71.24 28.47 12.94 16.46 434.09 

12 27.96 31.18 41.72 17.12 22.14 283.25 

13 25.97 77.61 15.46 14.96 25.92 324.07 

14 53.77 66.61 16.16 13.93 24.28 371.73 

15 70.33 103.67 5.63 41.84 68.31 371.73 

Goaf
Water

16 52.01 155.89 160.84 18.47 826.13 338.71

17 83.61 324.35 157.36 16.06 1274.98 352.01

18 34.62 453.13 84.48 24.57 1350.92 137.17

19 101.23 152.3 93.43 15.07 553.4 427.39

20 119.92 56.39 14.32 5.35 227.18 263.84

Figure 2 Water chemical characteristics of various water sources
(a) Piper (b) Schoeller

from the Kuqa River, 5 Quaternary water 
samples, 5 Jurassic water samples, and 5 
goaf water samples. These 20 water samples 
were tested for laboratory water quality. The 
specific water sample test results are shown in 
Table 1.

Draw the Piper diagram and Schoeller 
diagram of water chemistry, as shown in 
Figure 2. By analyzing Figure 2 and Table 
1, it can be seen that the ion concentration 
variation characteristics of surface water and 
Quaternary water samples are similar, and 
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the water chemical types of both are mainly 
HCO3-Ca (Mg). There is a clear hydraulic 
connection between surface water and the 
Quaternary. The obvious difference between 
the goaf water sample and the other three 
water sources is that the SO4

2- content in the 
water quality is greatly increased.

Although the ion content in the water 
quality of goaf water is different from that 
of other water sources, its hydrochemical 
characteristics are similar to those of other 
water sources, especially the cation curves 
of the Kuqa River and the Quaternary water 
quality. Therefore, it can be considered 
that the goaf is supplemented by the Kuqa 
River and the Quaternary water sources. 
It is concluded that there must be a water 
replenishing channel between the surface 
river and the goaf.

Water supply channel
Based on the transient electromagnetic survey 
line in Figure 1, the apparent resistivity profile 
of the detection area is obtained. On the 
apparent resistivity cross-section diagram, 
the abscissa represents the distance between 
the measuring point and the zero point of the 
measuring line, the longitudinal coordinate is 
the depth, and the indicated position of the 
coal seam is marked by a gray solid line. Since 
the No. 3 survey line spans the goaf, the No. 
3 survey line is selected as a typical survey 
line apparent resistivity profile for analysis, as 
shown in Figure 3. According to the results 
of survey line exploration and interpretation, 
there is a large range of water accumulation 
in the old goaf in the geophysical exploration 
area, with an area of about 53435m2.

At the same time, according to the drilling 

method, it was found that the cumulative 
drainage volume of the three boreholes was 
about 96,000 m3 within 2 months, accounting 
for about 75% of the estimated total goaf 
static reserves, but until the end, the goaf 
water pressure was still 0.3MPa. For this 
reason, it can be inferred that there is a stable 
supply of water sources in the goaf. Through 
the analysis of the apparent resistivity section 
of the No. 3 survey line, the hydraulic channel 
is located in the roof of the coal seam near 
the position of the water silo below the main 
inclined well, and the corresponding surface 
is located on the west bank of the Kuqa River.

Change of water quantity in goaf
Sealing method of the water supply  
channel
The water replenishing channel is blocked 
by grouting, and the drill field should be 
arranged above the water outlet of the goaf. 
The grouting drilling field is located on the 
surface just above the water outlet of the goaf. 
A total of 8 drilling holes are constructed. 

Transient electromagnetic exploration 
results
Geophysical exploration is carried out by 
arranging transient electromagnetic method 
survey lines on the ground to detect the 
water accumulation in the original goaf after 
water drainage and grouting plugging of the 
aqueduct channel and evaluate the effect of 
grouting water blocking and water drainage 
to control the goaf. The detection results are 
shown in Figure 4. It can be seen that the 
old goaf of the No. 3 surveying line has the 
characteristics of high resistance as a whole, 
and the goaf water has been evacuated.

Figure 3 Apparent resistivity section of line 3
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Drilling exploration results
The relationship between the water discharge 
per unit time and the evacuation time of 
the three drainage holes is shown in Figure 
5. It can be seen that the drainage volume 
per unit time of the ZK9 drilling hole was 0 
after February 19; the water drainage volume 
per unit time of ZK4 drilling hole and ZK10 
drilling hole was 0 or close to 0 on March 
24, and the goaf water was dredged. After 
the evacuation volume per unit time of each 
drainage hole reaches 0, there is no rebound 
in the drilling volume in the following days, 
indicating that the goaf supply water source 
has been cut off, the gob no longer has a 
stable supply water source, and the surface 
drilling grouting seals The effect of blocking 
the hydraulic channel is remarkable, and the 
purpose of blocking the water replenishing 
channel between the river and the goaf is 
achieved.

Conclusions
(1) Through the transient electromagnetic 
detection technology, it was proved that the 
area of the goaf water area is about 53435m2, 
and the suspected low resistance abnormality 
of the water conduction channel was found in 
the east of the No. 3 survey line, and the water 
replenishing channel was determined.

(2) Through the water quality test and 
characteristic analysis of the goaf water, 
Quaternary aquifer water, Kuqa River water, 
and other aquifers and water bodies, it is 
determined that the Kuqa River water has a 
continuous direct supply to the goaf water, 
which is the water source for the goaf. A 
comprehensive detection system combining 
goaf water hazard exploration, drilling, and 
geochemical exploration has been formed.

(3) The comprehensive treatment 
technology combining ground grouting 
drilling to plug the water replenishing 

Figure 4 Apparent resistivity section of line 3 after water plugging

Figure 5 Change curve of goaf water amount after plugging and draining
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channel and drilling and dredging was 
used to control the goaf water damage, and 
comprehensively evaluated the governance 
effect of the goaf water damage utilizing 
transient electromagnetic exploration and 
drilling exploration, which proves that the 
comprehensive management of goaf water 
damage has a good effect.
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Kia Ora,  
 
Welcome to the IMWA 2022 procee-
dings! 
 
The New Zealand minerals sector wel-
comed Mine Water Specialists from 
around the globe to participate in the 
2022 Conference of the International 
Mine Water Association (IMWA 2022), 
which took place in Christchurch from 
6 – 10 November 2022. We have called 
this conference RECONNECT were glad 
to see you all in New Zealand! Our con-
ference programme included the 
broad water management themes typi-
cal of an IMWA conference and show-
cased our world leading research and 
deployment of innovative passive treat-
ment technologies, excellence in waste 
rock and tailings storage, world class 
surface water and groundwater predic-
tion and monitoring along with specta-
cular geochemistry. 
 
 
Topics of the IMWA 2022, which are co-
vered in this proceedings volume are 
 
1 Mine Drainage Chemistry 
2 Passive Treatment Innovation  
3 Bio-geochemical Systems  
4 Waste Rock Storage 
5 Tailings Storage 
6 Rehabilitation 
7 Conventional Water Treatment 
8 Aquatic Ecology Studies 
9 Mine Closure 
10 Mine Hydrogeology 
11 Legacy Mine Impacts and Clean Up 
12 Mine Catchment Assessments  
13 Underground Mine Hydrogeology  
14 Pit Lakes 
15 Cultural Perspectives on Mine Water 
16 Regulatory Developments and Go-

vernance (Impact Assessment) 
17 Mine Water and Climate Change 
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