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geothermal potential: (depth_max -depth_
min) * n. Simplified, this proxy represents
the total recoverable energy within a 100 m
grid cell. The distribution of the geothermal
potential proxy for mine water in eastern
Wallonia is illustrated in Fig. 2a (left part).

By definition, the proposed proxy for
representing the geothermal potential of mine
water is a local measure, reflecting conditions
at each sampled point. To scale up potential
estimates for hypothetical geothermal mine
water projects, a decision-support tool was
developed for site selection. The approach
assumes a simplified 5"-generation network,
including a deep well (hot) and a shallow well
(cold) connected to a backbone (primary
network) within a defined radius.

Given the adopted simplifications, for a
hypothetical site connected to such a system,
the maximum geothermal potential of
mine water is estimated by determining the
minimum and maximum extraction depths
within the radius and integrating the number
of exploited coal seams:
proxy of "Site” geothermal potential of mine
water = (depth.max - depthmin). 3 n

[ search area
In Fig. 2a (right part), the “site” potential
estimated for a radius of 800 m is illustrated.
This methodology enables us to highlight
the most favorable areas for implementing

geothermal projects using mine water
connected to 5™-generation networks. The
exercise was conducted for the main coal
districts in the region. The study’s key finding
is that, under conservative assumptions,
Wallonia has the technical subsurface
potential to develop several geothermal
projects like the pioneering geothermal
project using mine water in Heerlen.

Feasibility studies in the Walloon coal
basins: Liege case study

Based on this positive geothermal potential
regional evaluation, in 2021, the Walloon
Administration launched three feasibility
studies for pilot geothermal projects using
mine water in the three most significant
mining districts, namely Couchant de Mons,
Charleroi, and Liege basins.

The main difference between the
regional-scale potential study and local
feasibility studies lies in considering surface
demand, local reservoir detailed mapping
and modelling. A similar methodology has
been followed for the three studies (Fig. 3).

First, Dbasin-scale assessments were
conducted, progressively narrowing down
to identify the most promising locations
for potential pilot projects in each basin.
This process involved aligning the mine’s
geothermal potential with surface demand.
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Figure 2 (a): Distribution of the geothermal potential of abandoned flooded mines in the Liége District. (b):
Distribution of the "Site” geothermal potential of mine water in the Liége district for a radius of 800 m. Source:

Dupont et al. 2021.
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Figure 1 Caudal River basin; As concentrations found in the rst sediment sampling campaign; Location
of sampling points of the second campaign (mod. Escudero et al., 2024; Alvarez et al. 2024).
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Mining operations in the basin ceased
decades ago; however, residual contamination
persists. Spoil heaps and unremediated
mine facilities continue to release pollutants,
including arsenic (As), mercury (Hg),
and copper (Cu), into the river system.
These elements are originally present in
various mineral forms, such as cinnabar
(HgS) for Hg, arsenopyrite (FeAsS) for As
and Chalcopyrite (CuFeS,) for Cu, which
contribute to the complex contamination
profile. The Hydrological Planning Office
reports that the Caudal River is in poor
ecological condition, especially in its lower
section. Macroinvertebrate studies show low
biodiversity, suggesting that old mine sites
are negatively affecting aquatic life (Escudero
et al. 2024). Sampling points were strategically
located downstream of the Hg mining sites
in Mieres and Pola de Lena and the Cu mine
at Riosa (Fig. 1) to identify the extent of
contamination and its ecological implications.

Sampling and Analysis

In a first campaign, water and bulk sediment

samples were collected on the banks of the

main watercourses of the basin (Fig. 1), using
plastic tools. The area where the highest
concentrations of elements of concern (Hg,

As and, to a lesser extent, Cu) were found

(see next section), was selected for the second

sampling campaign (Fig. 1). This second

phase includes the bioavailability study, so
eight sediment sampling points were critically

selected in the most affected areas (Fig. 1),

including 2 field duplicates (samples 4 & 5).

Each sampling event involved the collection

of bulk sediments, pore water, and in situ

deployment of DGT devices.

1. Bulk Sediments: Approximately 1 kg of
sediment was manually collected from
the uppermost layer (<3 cm depth) using
plastic tools to minimize contamination.
Samples were air-dried, sieved to isolate
the fine fraction (<63 um), and subjected
to pseudo-total digestion using aqua regia.
Metal(loid) concentrations were analysed
using inductively coupled plasma optical
emission spectroscopy (ICP-OES).

2. Pore Water: Sediment pore water was
extracted through centrifugation under
anoxic conditions to prevent oxidation.

The extracted water was filtered, acidified
to pH 2 with nitric acid, and stored at
4 °C until analysis. Trace metals were
quantified using inductively coupled
plasma mass spectrometry (ICP-MS).

3. DGT Deployment: DGT devices were
deployed at the sediment-water interface
for a period of four days. The DGT
units contained binding gels tailored
to capture specific contaminants,
including Chelex-100 for trace metals
and ferrihydrite for arsenic. After
retrieval, the binding gels were eluted,
and the accumulated contaminants were
quantified to determine time-averaged
bioavailable concentrations.

4. Acetic Acid Extraction: A subsetofsamples
from the bulk sediments underwent a
selective extraction using 0.11 M acetic
acid to isolate exchangeable and acid-
soluble fractions. This method simulates
conditions conducive to bioavailability
and provides a comparative benchmark
against DGT measurements.

Results and discussion

The results of the first campaign revealed
that stream waters downstream the mine
sites (with up to 0.76 mg L' As) exceed
concentrations established by the US
Environmental Protection Agency (EPA)
and Spanish regulations for the protection
of human health and the environment. Hg
and As concentrations in sediments (up to
195 and 1045 mg kg'!, respectively) exceeded
the thresholds set by the Canadian Sediment
Quality Guidelines (CCME 2023) and the
US Environmental Protection Agency (US
EPA 2022) guidelines, indicating possible
adverse and chronic effects on aquatic life
(Escudero et al. 2024). In addition, the
concentrations found downstream the mines
are high above the background values found
for the whole basin: 14.7 mg kg As, 0.23 mg
kg' Hg and 16.65 mg kg' Cu (Barrio-Parra
et al. 2025). The Hydrological Planning
Office reports that the Caudal River is in poor
ecological condition, especially in its lower
section. Macroinvertebrate studies show low
biodiversity, suggesting that old mine sites are
negatively affecting aquatic life, despite being
inactive for decades (Escudero et al. 2024).
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Table 1 Analytical results (after Alvarez et al. 2024)

Sediment (mg kg") Acetic acid extract (mg kg™) Pore water (ug L) DGT (ug L")

Sample As Hg Cu As Hg Cu As Hg Cu As Hg Cu
1 313 8.76 285 15.8 0.0011 0.52 221 0.043 2 75 0.013 16

2 218 7.72 25.7 6.72 0.0009 0.61 144 0.074 4 34 0.018 0.9
3 345 1.57 264 <020  <0.0004 1.20 <5 0.063 2 5.6 0.004 1.0

4 39.7 1.88 246 0.22 0.0007 0.35 14 0.080 2 47 0.002 0.9
4dup 16.1 <0.20 12.8 <020  <0.0004 033 10 0.105 3 <29 0.005 1.8
5 1080 80.7 225 339 0.0205 117 746 0.263 2 580 0.059 17
5dup 921 78.0 212 247 0.0029 1.07 649 0.255 4 220 0.034 1.0
6 384 131 27.3 0.40 <0.0004 0.52 13 0.069 2 1 0.006 1.1

7 17.9 <0.20 543 <020  <0.0004 464 6.0 0.032 14 76 0.007 2.7

8 349 3.76 254 0.28 <0.0004 1.59 10 0.071 2 7.5 0.006 12

In sediments sampled in the second
campaign, As and Hglevels surpassed Probable
Effect Levels (PELs), with concentrations up
to 1080 mg/kg for As and 80 mg/kg for Hg.
These findings underscore the critical need to
evaluate not only the total contaminant load
but also the bioavailable fractions that directly
influence ecological risks.

Comparison of Methods

Pore  water  concentrations  revealed
remarkable spatial variability, particularly
for As and Cu. The highest concentrations of
As and Hg were detected downstream of Hg
mining sites, while elevated Cu levels were
identified downstream of the Cu mine. The
dynamic interaction between pore water and
sediment phases was evident, emphasizing
the role of pore water as a critical reservoir
for bioavailable contaminants (Bufflap &
Allen 1995). Pore water analysis effectively
captured the soluble metal fraction but
was influenced by sampling conditions and
temporal variability.

Acetic acid method, widely accepted
as a proxy for bioavailable metal fractions,
revealed that bioavailability varied notably
among elements. For As, the acetic acid-
extractable fraction represented up to 5%
of the total sediment content in areas near
mining activities, compared to less than 1%
in less contaminated locations. Cu exhibited
slightly higher mobility, with extractable
fractions reaching up to 8.5% in the most
affected areas. In contrast, Hg showed

negligible extractable fractions (<0.2%),
reflecting its low mobility and bioavailability
under the studied conditions. Acetic acid
extraction provided a straightforward,
cost-effective means to estimate the labile
metal fraction. However, it underestimated
bioavailability for elements like As and Cu
when compared to DGT (i.e. the fractions
of As and Cu extracted by acetic acid from
the sediment are lower than the fractions of
these elements retained from the pore water
in the DGT).

DGT technique provided in situ, time-
averaged measurements of bioavailable metal
fractions, offering a dynamic perspective on
contaminant exchange at the sediment-water
interface. Strong correlations were observed
between As and Cu concentrations in DGTs
and pore water (275% transfer efficiency
for As at low concentrations), indicating a
substantial bioavailable fraction. Conversely,
Hg transfer to DGTs was negligible, regardless
of sediment concentrations, likely due to its
limited mobility and strong association with
sediment particles (Davison & Zhang 2012).
DGTs emerged as the most robust tool for
assessing bioavailability, particularly for As
and Cu. By integrating diffusion and kinetic
replenishment processes, DGTs offered
a more comprehensive understanding of
dynamic contaminant exchange between
sediment and water phases (Gu et al. 2023).
Fig. 2 shows a comparison of results for the 3
samples closest to the Hg mines in Lena and
Mieres and to the Cu mine.
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Element-Specific Observations

Arsenic exhibited a complex behaviour
across methods. While total sediment
concentrations were consistently high, the
bioavailable fraction measured by DGT and
pore water analysis was more pronounced
at sites with low total As levels, suggesting
a dynamic equilibrium between solid and
liquid phases. This equilibrium appeared
disrupted at highly contaminated sites, where
particulate-bound As dominated.

Copper showed moderate mobility and
bioavailability, with DGT and pore water
measurements aligning closely. The acetic
acid-extractable fraction was relatively
consistent, highlighting Cu’s moderate
affinity for sediment binding sites. Elevated
Cu concentrations near the Cu mine in Riosa
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were particularly concerning, given their
potential ecological implications.

Mercury demonstrated minimal
mobility and bioavailability across all
methods. The negligible transfer to DGTs,
despite high total concentrations in
sediments, underscores Hg’s tendency to
form stable, non-labile complexes within the
sediment matrix (Chaudhary et al. 2020).
This limited bioavailability suggests that Hg
poses less immediate risk to aquatic biota,
although long-term risks associated with
remobilization cannot be discounted.

For the field replicates, the calculated
coefficients of variation for As and Cu are
high, reaching up to 60% for As in the
sediment and the DGT, while remaining low
in other cases.

@ Acetic acid extract (mg kg-1)
@ DGT (mg L-1)

I
L
Il e

7 (downstream
Riosa Cu mines)

Sampling point

Figure 2 As, Hg and Cu concentrations (same logarithmic scale) in sediment, pore water, DGT and acetic

acid extract in three sampling points.
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Conclusion

The study highlights remarkable
contamination levels of As, Hg and Cu in
the Caudal River basin, a region heavily
affected by historical mining activities. Total
metal(loid) concentrations in sediments
downstream of former Hg and Cu mining
sites often exceed thresholds established by
globally accepted guidelines, suggesting a
high likelihood of adverse ecological effects.

These findings underscore the importance
of integrating multiple methodologies
to accurately assess ecological risks in
mining environments. While total metal
concentrations provide a baseline for
contamination levels, bioavailability data are
critical for understanding actual ecological
effects. The superior performance of
DGTs in capturing dynamic bioavailability
highlights their potential as a standard
tool in environmental monitoring and risk
assessment frameworks.

The study demonstrates that dynamic
techniques like DGTs offer substantial
advantages over traditional methods, by
allowinginsituand continuous measurements
of available metal(loid) concentrations
with high spatial resolution, enabling more
accurate assessments of ecological risks
posed by potentially toxic elements in river
sediments, particularly in basins affected
by mine drainage. The integration of these
findings into environmental management
strategies can aid in prioritizing remediation
efforts and mitigating long-term influences
on aquatic ecosystems.

Notwithstanding, the variability in field
replicates, particularly for As, highlighted
the influence of site-specific factors
and methodological limitations. High
coefficients of variation were found for
some measurements, emphasizing the need
for standardized deployment protocols and
additional replicates to enhance reliability.
Future research should focus on refining DGT
calibration for elements like Hg and exploring
correlations between DGT measurements
and biological uptake in aquatic organisms.
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Abstract

Mine water management infrastructure is commonly designed to pass or retain runoff
resulting from a design rainfall event. The annual exceedance probabilities for these
events are developed using a historical record of extreme rainfall. Extreme rainfall
events are increasing in magnitude globally at a non-linear rate of approximately 7%/
degree Celsius, consistent with the Clausius-Clapeyron relationship. This trend is
expected to continue with projected climate change and may lead to water management
upset conditions if not properly accounted for in design criteria calculations. This
paper provides guidance to aid practitioners in addressing this developing issue.

Keywords: Climate change, rainfall, annual exceedance probabilities, risk

management, mine water management

Introduction

The likely range of human caused warming
from 1850-1900 to 2010-2019 is between
0.8 °C and 1.3 °C, with a globally averaged
increase in precipitation since 1950, and
a faster rate of increase since 1980 (IPCC,
2023). The globally averaged 20th and early
21st century rate of increase in annual
maximum daily rainfall intensity is estimated
to be 5.9 to 7.7% per °C of average near-
surface atmospheric temperature warming
(Westra et al., 2013a), with higher rates of
increase noted in the high latitudes of the
Northern Hemisphere and the tropics, and
lower rates in the arid mid-latitudes.

The intensity of high-magnitude rainfall
events is a function of the moisture content of
an air mass (i.e., precipitable water), which in
turn is a function of the air mass temperature.
This relationship can be described by the
Clausius-Clapeyron (CC) equation, which
shows the moisture capacity of air will
increase by approximately 5-8% for each 1 °C
increase in temperature, depending on the
baseline air temperature value. Specifically,
the CC equation [Equation 1] expresses

the saturation pressure of water vapour as a
function of atmospheric pressure, where:
n(2) = (2 2)
+ P, and P, are vapour pressures (in stan-
dard atmospheres) at temperatures T, and
T,
« AH, is the enthalpy of vapourization
(40.7 k] mol);
o Ris the gas constant (8.3145 ] mol' K™);
« T, is equal to the vapour pressure of wa-
ter (1.0 atmosphere or 1013.25 mb) at the
boiling point (373 K (100°C); and,
+ T, is set to the temperature for which the
vapour pressure is to be calculated.
In general terms, the CC equation returns
an exponential rise in vapour pressure with
increasing air temperatures (Fig. 1), which
means that with future warming, extreme
precipitation events may be expected
to increase in a non-linear fashion and
could be higher for rarer events. Such
projected increases will vary at regional
scales depending on the amount of regional
warming, changes in atmospheric circulation,
and storm dynamics (Seneviratne et al,

[Equation 1]
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2021). This has relevance to the design and
operation of both existing and proposed mine
water management infrastructure, which
are commonly designed to handle runoff
events that fall within the historical rainfall
distribution based on annual exceedance
probabilities (AEPs; e.g., 1:100-year 24-hour
rainfall event).

Derivation of rainfall AEPs for current
conditions are subject to several sources of
uncertainty, including:

o Underrepresented spatial variability and
magnitude of rainfall due to sparse moni-
toring networks in most regions, par-
ticularly for highly localized convective
storms;

o Under catch due to wind effects and un-
dersized gauge orifices, and relatively
short-duration climate record lengths;

o Application of statistical distributions to
represent high-magnitude events, partic-
ularly those located on the tails of the dis-
tributions, where representative samples
from the monitoring records are limited
or unavailable; and,

o A chaotic climate system exhibiting natu-
ral (internal) variability, which is intrinsic
to the climate system and therefore irre-
ducible.

Consideration of projected climate change
adds further uncertainty regarding rainfall
AEPs, as a changing climate may lead to
changes in storm dynamics and shifts in
synoptic storm tracks (e.g., atmospheric
rivers, hurricanes), and therefore local rainfall
distributions that deviate from historical
conditions.

40

30 4

20

Vapour Pressure (mb)

T T T T T T
0 5 10 15 20 25 30
Air Temperature (°C)

Figure 1 Clausius-Clapeyron relationship.

Global standards or accepted research
methodology to determine how future
extreme rainfall events of less than 1-day
in duration may change in frequency and
intensity over local areas are lacking (CSA,
2019). Furthermore, General Circulation
Models (GCMs) are currently unable to fully
resolve local scale convective processes and
synoptic scale systems that lead to extreme
precipitation and therefore, estimates of short
duration rainfall derived from recent GCM
outputs (at time of writing) are not reliable
(Li et al., 2019). Recent attempts to estimate
Probable Maximum Precipitation amounts
for < 1-day duration using modelling
approaches have shown promise (e.g., Hiraga
et al., 2025), however the intensive data
and modelling requirements are often not
practical for use in developing inputs to mine
water management infrastructure design.

The guidance outlined herein aims to
address the gap between current state of
knowledge with respect to the relationship
between air temperature increases and
precipitation event magnitude, and current
approaches to developing rainfall AEP
estimates, while providing practitioners a
means to scale these estimates for a range of
potential climate change outcomes.

Methods

There are three primary components to this

guidance (Fig. 2):

1. Evaluate the original AEPs that an existing
piece of infrastructure was designed to
and determine whether the AEPs are
appropriate for continued use.

2. Confirm the design life of the
infrastructure in question.

o If the design life < 10 years, apply an
AEP scalar based on a +1 °C air tem-
perature increase above the reference
period; and,

o If design life > 10 years, conduct a
standard risk assessment for the infra-
structure in question, using a proba-
bility: consequence matrix, and devel-
oping AEP scalars as outlined below.

3. Estimate future AEPs for relevant time
scales and emissions scenarios.

o Conduct a risk assessment for current
conditions;
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o Characterize site-specific changes to
climate regime (historical and pro-
jected);

o Select a climate change emission sce-
nario for scalar development;

o Apply climate change scalars to pre-
cipitation AEPs; and,

o Review of triggers for additional or
future assessment.

The first step is the evaluation of both the
original AEP estimates that the infrastructure
of interest was designed to handle, and if
available, current AEP estimates for the site.
This should be completed by a qualified
practitioner and ideally, should take into
consideration all available site and regional
climate data, industry best practices, technical
guidance and relevant regulatory standards. If
relevant to the site of interest, high-magnitude
snowmelt events and the potential for overlap
with extreme rainfall events should also be
quantified. Next, a review of site-specific
trends in air temperature, precipitation, and
relevant changes in local synoptic patterns,
including storm track changes, duration, and
rainfall magnitude should be undertaken to
provide a baseline understanding of changes
already occurring.

Once the above evaluation steps
are completed, a determination of the
infrastructure design life should be made.
Given that projected increases in air
temperature and air moisture capacity
are expected to progress throughout the
next century (Seneviratne et al., 2021), the
magnitude of derived rainfall scalars are
expected to increase under all emissions
scenarios over the next several decades. As a
result, determination of the expected design
life is foundational to the recommended
approach to developing rainfall AEP scalars.
In summary, the longer the design life, the
greater the uncertainty in climate change
projections, and therefore higher emissions
scenario projections are recommended for
use in these circumstances.

Given the relatively low variation in
projected temperature changes between
emissions scenarios over the next 10-years
(out to approx. 2040), a simplified approach
is recommended whereby a +1 °C air
temperature increase from the reference

period is assumed, with scalars developed

using this temperature change as input to the

CC equation (Fig. 2).

If the design life is greater than 10 years,
then a risk assessment is recommended to
be conducted, taking into consideration the
cumulative probability of exceedance (PoE)
of a given rainfall AEP over the full design life
(n in Equation 2).

PoE=1-(1-AEP)n [Equation 2]
Accordingly, the cumulative probability

of exceedance increases with each successive
year of operation, such that the likelihood of
failure may become relatively high, should
the works be in use for a long period of
time. The PoE can be applied within a risk
matrix to determine the Likelihood of an
event occurring (Tab. 1), which can then be
cross-referenced against the consequence of
infrastructure failure resulting from a rainfall
event exceeding design criteria.

For example, a structure with a design
life of 25 years designed to a 1:100-year
event would have an expected 22% PoE
over a 25-year operational period, returning
a Likelihood of Unlikely (Tab. 1). The
association between Likelihood and PoE
is based upon standard risk assessment
practices and probabilities of occurrence.

Once the risk categorization has been
completed, the next step is to select the
emissions scenario to be used for developing
the AEP scalars. Emissions scenario selection
is based upon both the design life and risk
categorization for the infrastructure in
question (Fig. 2).

Forward looking projections of future
climate outcomes are generated using GCMs,
which are driven by greenhouse gas forcings.
These forcings are based upon scenarios
that envision various Shared Socioeconomic
Pathways (SSPs). These emissions pathways
begin in 2015 and are summarized below for
the scenarios recommended for use in this
guidance:

o SSP2-4.5: Intermediate greenhouse gas
emissions, with CO, emissions remaining
around current levels until mid-century,
then decreasing;

o SSP4-6.0: Higher emissions than SSP-4.5,
with CO, emissions peaking in 2050 and
declining thereafter;
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Table 1 Likelihood and Cumulative Probability of o SSP3-7.0: High greenhouse gas emissions,

Exceedance. with CO, emissions doubling from cur-
Likelihood Cumulative Probability of rent levels bY 21005 and>
Exceedance o SSP5-8.5: Very high greenhouse gas emis-
Almost Certain > 05% sions, with CO, emissions doubling from
Likely = 75% 1o < 95% current levels by 2050. .
These SSPs translate to projected global
Possible > 25% to < 75% . °
' average temperature increases of 1.5 °C over
Unlikely 5% 10 < 25% the near term (all SSPs; 2021-2040), a range
Highly Unlikely 20.1%to < 5% of 1.6 to 2.4 °C over the mid-term (2041-
Extremely Remote <0.1% 2060), and a range of 1.4 °C to 4.4 °C over

Review and QA/QC current AEPs and site-specific changes
to climate regime

C or

¢ ﬂoacks Analysis

NO Are calculated AEP rainfall depths available?
Are these AEPs relevant/appropriate?

Legend

Assessment Decision Point

* If deemed inappropriate by practitioner
due to site specific conditions, then an
alternative scalar should be proposed,
and detailed rationale for deviation from
the guidance should be provided.
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** EODL = End of Design Life
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ius-Cl

using the CI Develop climate change
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v v v
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Figure 2 Decision tree showing assessment process for scaling rainfall annual exceedance probability estimates for
projected climate change based on the infrastructure design life.
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the long-term (2081-2100). These projected

temperature increases are directly linked to

the atmospheric moisture capacity, as defined
by the CC equation.

Minimal difference in the projected global
temperature change by 2050 is expected
between emissions scenarios, but beyond
this point, divergence between scenarios
becomes pronounced. By the end of this
century, the projected global temperature
increase is approximately 2.8 °C for the
SSP2-4.5 scenario, and 4.7 °C for the SSP5-
8.5 scenario. Therefore, the recommended
conservative approach to selecting emissions
scenarios is based primarily on the design
life of the structure. A shorter design life is
linked to lower emissions scenarios, and a
longer design life (i.e., > 20 years) linked to
higher emissions scenarios (Fig. 2). In cases
where the design life is > 50 years, the SSP5-
8.5 scenario is recommended outright, in
alignment with the guidance in ECCC (2020).

Once the emissions scenario has been
selected, rainfall AEP scalars are derived
using the following methods:

1. Using downscaled projection data for the
study region supplied in online tools (if
available); and,

2. Applying  the
equation to local
temperature change.

It is assumed that the practitioner will apply
professional judgement when assessing
the utility of available online tools. If no
downscaled products providing climate
change scaled estimates of precipitation are
available for the study area, then the current
AEPs canbeadjusted using the air temperature
change projections and the CC relation as
a conservative, physically based approach.
The CC equation is applied to calculate the
potential vapour pressure of an air mass
at a given temperature, which is directly
proportional to the precipitation depths that
air mass can generate. This is recommended
to be done for the current reference period,
and for the future periods that scalars are
required for (generally for the 5-year, 10-year
and end of design life periods). Once these
vapour pressure potential values have been
generated, a scalar can be developed by:

Clausius-Clapeyron
estimates of air

. Future Vapour Pressure Potential
Climate Scalar = P

[Equation 3]

Current Vavour Pressure Potential

This approach should also be taken
as a check on scalars derived from online
products. Once this has been done, the
practitioner should compare the results from
all analyses (e.g., online tools, CC equation)
and select the most appropriate scalar values
to be applied to the current AEP estimates.

After the current AEPs have been scaled
for projected climate change under the
selected emissions scenario, a final check
should be conducted to determine whether
the updated AEPs shift the Likelihood into
a higher category (Tab. 1) and therefore have
the potential to increase the assessed risk
profile for the infrastructure (Fig. 2).

The state of knowledge surrounding
climate change induced increases in extreme
rainfall is continually evolving. Similarly,
mine sites and associated water management
infrastructure are in a constant state of flux.
Accordingly, the following events should
be considered as triggers for revisiting the
rainfall scalar assessment:

o An increase in structure design life of >
10 years;

o Future IPCC assessment reports provide
significantly different (i.e., higher) tem-
perature delta predictions;

o An update to the risk assessment matrix
used in the analysis or underlying compo-
nents; and,

o The occurrence of one or more significant
rainfall event(s) that alters the underlying
frequency distribution, and therefore the
current AEP estimates.

Conclusions

It is likely that rainfall AEPs developed using
historical data will not be representative
of future conditions as the global climate
continues to warm. Given the importance of
these values for the safe design and operation
of mine water management infrastructure, it
is critical that a science-based methodology
be employed to develop robust estimates of
future rainfall magnitude.

A methodology is presented herein to
guide practitioners through the process
of developing future scalars for rainfall
AEPs based on infrastructure design life
considerations, standard risk assessment
practices, climate change projections

Lus
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from the International Panel on Climate
Change’s Sixth Assessment Report, and the
well-established relationship between air
temperature, moisture capacity and extreme
rainfall depths.
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Abstract

Acid mine drainage treatment by liming generates sludge that accumulates over
time and may contain valuable metal concentrations high enough to justify
recovery. This study explores a remediation and valorization process for AMD
sludge from a former mining site in France. Selective leaching with H2SO4
recovered over 80% of Cu and Zn, followed by selective precipitation with Na2$
to produce metal concentrates. While the process is technically viable and can be
economically feasible, residual Zn levels in the sludge hinder off-site valorization
and waste management remains an issue. Further research should focus on
improving the management of the remaining matrix, either by stabilizing it,
identifying off-site applications compatible with its composition, or developing
processes to separate clean gypsum from the residual material.

Keywords: AMD, liming, rehabilitation, recovery

Introduction

Acid mine drainage (AMD) is a major
environmental challenge that can persist
for centuries (Tabelin ef al. 2019). However,
AMD can also contain valuable metals,
making metal recovery an attractive but often
difficult objective due to the typically low
flow rates and/or low metal concentrations
in these effluents. As highlighted by
Plumlee et al. (1999), higher acidity in the
treated effluent is positively correlated with
increased metal concentrations in the water,
particularly for Cu, Zn, Ni, and Mn. Lime
treatment is one of the most widely used
methods for AMD treatment worldwide
(Skousen et al. 2014). This process effectively
neutralizes acidity and precipitates metals,
but it also generates sludge composed
primarily of gypsum, which can accumulate
over time and reach large volumes.

In this study, we focus on a remediation
and valorization process targeting AMD
lime treatment sludge that has accumulated
over decades. Instead of addressing metal
recovery directly from AMD or from freshly
produced sludge, our approach aims to
process an existing sludge deposit in a single,
bigger short-term treatment campaign. This

allows for the efficient extraction of valuable
metals while also addressing the long-term
environmental challenges posed by the
sludge storage.

Mine site description

The old Chessy mine is located near Lyon
in France. It was active from 1414 to 1877,
first for copper exploitation, then for sulfuric
acid production (Bayle et al. 2003). The ore
deposit is characterized by a stockwork of
barite, galena, sphalerite, and chalcopyrite
hosted within altered soda-dacitic lavas. An
acid mine drainage has been discharging
from a water adit for an unknown but distant
period. Its average characteristics (n = 134)
are as follows: flow rate of 7.2 m*/h, pH 2.7,
and concentrations of Al at 50 mg/L, Cu at
32 mg/L, Fe at 255 mg/L, SO, at 2339 mg/L,
and Zn at 210 mg/L. Lime treatment of the
AMD began in the mid-19" century and
continues to this day. The sludge generated
over more than 150 years of treatment has
been stockpiled on-site. Fig. 1 shows the
sludge dump along with the locations of six
core samples drilled up to 8 m deep.
Twenty-two samples coming from the
core samples were analysed by alkaline fusion
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and ICP-AES. The sludge mainly contain; Al
at 1.8%, Si at 1.6%, Ca at 17.0% Fe at 12.2%,
SO, at 31.9% Zn at 5.1%, Cu at 1.3%, Cd at
107 mg/kg. Moisture content at 105 °C was
59.8%. The size of the sludge deposits was
estimated using GIS software, incorporating
data from various sources, including
bibliographic references (maps from different
periods, settling pond cleaning reports, etc.),
an elevation model, and the depths of six
sludge core samples. The total sludge volume
was estimated at 77,000 m®, equivalent to
approximately 154,000 tonnes. The mine site
is managed by the department for mine safety
and risk prevention of BRGM (DPSM) on
behalf of the State.

Methods
Selective leaching

Leaching experiences of Chessy liming sludge
were done first in 250-mL shake flasks at
low-solid content, then in 2L stirred reactor.
Sulfuric acid was used as a sole leaching agent.
A broad range of key leaching parameters
were studied: solid/liquid ratio from 0.7
to 20%_, , acid/solid ratio from 40 to 650
g.../K8g. .o temperature 22 °C to 60 °C and
leaching time from 6h to 48h. The main goal
was to maximize Cu, Zn and Cd dissolution
yield and consequently to minimize the
concentration of these metals in the residue.
For metal concentration measurements,
about 2 mL of pulp were filtrated at 0.45 pm
and diluted ten times using 1% HNO, and
placed at 4 °C. Metal concentrations (Al,
Cu, Fe and Zn) were then measured on the
filtrate with a 4210 MP-AES (microwave

plasma atomic emission spectroscopy) from
Agilent Technologies and used to calculate
dissolution yields. Cadmium was analysed
by AAS (SpectrAA-220FS, Varian). The
detailed methodology and results of the
leaching optimization are detailed in Jacob
et al. (2025).

Finally, a 20L stirred reactor was used
to produce enough pregnant leach solution
(PLS) for selective precipitation tests.
Operating parameters of this operation were
solidload 20%_, ,temperature 22°C, leaching
time 24h, acid concentration 143 g _/kg
and an agitation speed of 300 rpm.

acid solid

Selective precipitation

The methodology for selective precipitation
was developed through small-scale tests
and subsequently validated using 16.7 L
of PLS to produce sufficient amount of the
different precipitates for characterization. All
precipitation steps were performed in a 20-L
stirred tank reactor operating at 300 rpm, with
a reaction time of approximately 10 minutes
per step. The selective precipitation protocol
began with the addition of a fixed quantity of
Na2§, in a 1:1 stoichiometric ratio to the Cu
concentration in the PLS, to precipitate copper
sulfide, which was separated by filtration.
For Cd and Al precipitation, another dose
of Na§, in a 1:1 stoichiometric ratio to the
Cd concentration, was added, followed by
NaOH addition to adjust the pH to 4.5, and
the resulting precipitate was filtered. Finally,
the pH was raised to 9.0 with NaOH to
precipitate zinc hydroxide. The precipitates
were filtered using Whatman® GF/A glass
microfiber filters. All precipitates were dried

[ sludge dump

Figure 1 Sludge dump and core sampling locations on the mining site.
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at 40 °C without prior washing of the filter
cakes. Due to the difficulty of filtering the
zinc hydroxide precipitate, it was recovered
using semi-continuous centrifugation at 8000
rpm (Avanti JXN-26, Beckman Coulter).

Results
Selective leaching

Leaching tests conducted in the 20-L reactor
under relatively optimized conditions yielded
promising results. The resulting PLS was at
pH 3.0 and contained 1.4 g/L of Cu, 8.7 g/L
of Zn, 17 mg/L of Cd, and 937 mg/L of Al,
while Fe remained below detection limits.
The leaching efficiencies achieved were 65.2%
for Cu, 80.3% for Zn, 85% for Cd, and 11.3%
for Al The residual solids contained 0.4% Cu,
1.0% Zn, and 20 mg/kg of Cd.

Overall results of the whole test plan
indicate that this process enables the leaching
of over 80% of Cu and Zn from the sludge
under optimal conditions, with a solid
content of 5-15% and an acid dosage of
150-200 g H,SO4 per kg at room temperature.
Increasing the acid concentration beyond this
range provides only marginal improvements
in dissolution rates but greatly increases acid
consumption due to the dissolution of iron,
leading to a loss of selectivity. Acid/solid

55%
50%
45%
40%
35%
30%
25%
20%

0% — F_

15%
10%

Cu & Zn

Cu concentrate

ratio is the most important parameter of the
process. Under these economically optimal
conditions, the Cu, Zn and Cd contents in the
residue after leaching are around 0.2%, 0.8%
and < 15 mg/kg respectively.

Selective precipitation

In terms of recovery efficiency relative to the
PLS composition, 97% of the Cu was recovered
in the Cu concentrate, with the remaining 3%
retained in the Al/Cd waste. For Zn, 84%
was recovered in the Zn concentrate, while
13% co-precipitated in the Cu concentrate,
and 3% ended up in the Al/Cd waste. These
results demonstrate the overall efficiency
of the selective precipitation process but
also underline the need for optimization,
particularly in zinc recovery. The purity of Cu
and Zn products were assessed against target
specifications provided by two potential
buyers to determine their marketability as
concentrates (Fig. 2).

The Cu concentrate contained 38% Cu,
4% Zn, and 122 mg/kg Cd, meeting the
objective of at least 30% Cu and less than 200
mg/kg Cd. The other major components were
sulfates (23%) and sulfides (18%). The loss on
ignition at 1025 °C was 39%, primarily due to
the thermal decomposition of copper sulfates
and sulfides. XRD analysis (supplementary

T 200
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H H H H v
R N
B =S
- W
2 B
[ 0

Zn concentrate

Figure 2 Cu, Zn, and Cd concentrations in concentrate compared to target values. The arrows indicate threshold
requirements: Cu and Zn concentrations must meet or exceed the target, while Cd concentrations must remain

below the target.
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material S1) showed that the sulfate fraction
mainly consisted of hydrated and anhydrous
copper sulfates, including chalcanthite
(Cu(SO)(H,0),), poitevinite  (Cu(SO,)
(H,0)), and brochantite (Cu,(SO,)(OH),).

The Zn concentrate contained 39% Zn
and 51 mg/kg Cd, compared to the target
of 50% Zn and less than 200 mg/kg Cd. It is
therefore necessary to increase the purity of
the concentrate. The other major components
were sulfates (29%) and Na (10%). Loss on
ignition at 1025 °C of 27%, was likely due
to sulfate thermal decomposition. A notable
observation during the large-scale (20 L)
selective precipitation experiment was the
behavior of the recovered zinc hydroxide
during drying. When dried at 40°C, it lost
90% of its mass, highlighting its high initial
water content and the associated challenges
in filtration and handling. XRD analysis
(supplementary material S2) revealed a
complex mineralogy with poorly crystallized
phases, making it difficult to precisely
identify all present compounds. However,
the analysis confirmed the presence of
thenardite (Na,SO,) and suggested the likely
presence of phases similar to sodium sulfite
(Na,S0,) and hydrated zinc hydroxy-sulfate
(ZnSO,-3Zn(0OH),-4H,0).

The Al/Cd waste contained 0.3% Cu, 4.6%
Zn, 0.26% Cd, 24% S, 14% Al, and 5% Si, with
a loss on ignition at 1025 °C of 49%.

The main challenges of the precipitation
steps are related to the Zn concentrate, which
does not fully meet our purity objective and
is also difficult to filter, necessitating energy-

Na,S, then
NaOH

intensive centrifugation and extensive drying.
Potential improvements to the selective
precipitation step include precipitating zinc
as sulfide using Na2S, which is likely easier
to filter, washable, and less hydrated, and
separating Al and Cd to optimize waste
management costs. Recycling the rinse
water in the selective leaching and selective
precipitation process could also help recover
dissolved Cu and Zn and improve the overall
recovery rates.

Preliminary Economic Evaluation

A preliminary economic assessment of
the process was conducted, assuming the
complete treatment of the accumulated
sludge (154,000 t at 40% moisture) according
to the flowsheet presented in Fig. 3. The
evaluation considered the leaching, and
precipitation yields of Cu and Zn, as well
as their concentrations in the recovered
concentrates, under the assumption that Zn
is precipitated as sulfide.

The calculation of metal sales prices was
based on smelter terms, including payable
percentages, deductions, and treatment
charges set by Nyrstar for Zn and Boliden for
Cu, using publicly available data from their
websites. Metal prices were averaged over
the period 2018-2023 based on historical
Cu and Zn prices from the London Metal
Exchange (LME).

Operating expenses (OPEX) included the
costs of reagents and the operation of reactors,
filters, and excavators, estimated using the
CostMine© (2019) estimation guide. Capital

sludge

Cake wash waterL
upcycling

___________________________________________

Solid|

Cleaned Pl )
Fe-Al-Ca-SO, matrix Copper sulfur Solid
«—

concentrate

Cadmium sulfur and Solid
Aluminium oxy/hydroxyde

Filtration, Filtration
amp \—— Leaching —| Precipitation -
liming Liq. Liq.
i
|

Filtration, Filtration i Clean
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1
]
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1

Cake wash water

Zincsutfur  SOlid
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Figure 3 Process flowsheet for selective leaching and precipitation of Cu, Zn, and Cd from AMD liming sludge.
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expenses (CAPEX) were calculated based on
the cost of major equipment (reactor tanks,
agitation systems, filters) evaluated using
CostMine© (2019). Additional CAPEX
components, such as installation and erection,
steelworks and structures, civil works, piping,
electrics, instrumentation, insurance, and
freight, were accounted for using Lang’s
factor method.

The evaluation was conducted under
the assumption of on-site treatment with
leaching performed at 10% solid content.
Four scenarios were considered, combining
two different operational durations (1
and 2 years) and two leaching techniques:
conventional stirred-tank reactor (CSTR)
leaching and pond leaching inspired by
Guezennec et al. (2023).

The results of the preliminary economic
assessment are presented in Table 1. Changing
the operational duration has little effect on
OPEX, as reagent costs constitute the majority
of operational expenses. The project remains
relatively small, both in terms of duration and
financial scale, especially when compared
to typical mining industry standards.
Depending on the scenario, uncertainties, and
fluctuations in metal prices, the profitability
of the operation is not guaranteed. However,
beyond its economic viability, this project
should also be considered as a mine site
remediation operation.

Waste management

Waste management remains the most
substantial challenge of this project. Despite
a substantial reduction in Cu, Zn, and Cd
concentrations, the post-leaching matrix still
qualifies as hazardous waste under current
French regulations. Attempts to find off-site
valorization options - particularly in cement

Table 1 Preliminary Economic Evaluation.

production or plaster manufacturing due to
the high gypsum content — have so far been
unsuccessful, mainly due to residual Zn
concentrations remaining too high (0.8%).

The site continues to accumulate sludge,
and although it will not reach full capacity
for several years, a long-term solution must
be identified. The disposal of newly generated
sludge in hazardous waste storage facilities
would represent a heavy financial burden
for public authorities. Moreover, the mass
of metals removed from the site through
the valorization process (Cu, Zn, Al, Cd) is
minimal compared to the overall mass of the
remaining Fe-Al-Ca-SO,4 matrix.

At this point and based on our experience,
the most viable remediation strategy probably
involves covering the sludge to isolate it from
the environment. Additionally, exploring
alternative water treatment technologies that
generate less waste and/or produce residues
that are more easily valorized should be a
priority for future research. A key aspect
of these treatments would be the selective
precipitation of valuable and/or hazardous
elements, and inert matrix components.

Conclusions

This study demonstrates the feasibility of
selectively leaching and precipitating Cu
and Zn from AMD lime treatment sludge
accumulated over decades. The results show
that over 80% of Cu and Zn can be efficiently
recovered through an optimized leaching
process while maintaining selectivity by
minimizing Fe and Al dissolution. The
subsequent selective precipitation process
achieved high recovery rates for Cu and Zn,
although precipitating zinc as sulfide using
Na,S would be necessary to enhance the
purity of the Zn concentrate and improve its
filtration properties.

Treatment Total CAPEX Total OPEX Metal sales ROI
(ke€) (k€)
1year & CSTR = 4300 =7 800 =13200 = 14%
1 year & pond leaching =2900 =7800 = 13200 =37%
2 years & CSTR ~2100 =~ 7800 =~ 13200 =~ 80%
2 years & pond = 1500 =7 800 =13 200 =117%
leaching
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Despite the successful metal recovery, the
management of the residual sludge remains
a challenge. While the process substantially
reduces Cu, Zn, and Cd concentrations in
the solid residues, the final material still
qualifies as hazardous waste under current
French regulations. Attempts to valorize the
matrix off-site were unsuccessful mainly
due to residual Zn concentrations exceeding
acceptable thresholds. Given the ongoing
accumulation of sludge at the site, a long-
term remediation strategy must be identified.
This could include covering the existing waste
with a geomembrane and/or a thick layer of
clean topsoil as well as replacing the existing
lime plant with a more efficient technology,
such as sulfate-reducing bioreactor that
generates denser waste and enable selective
metal precipitation.

Beyond the specific case of this site, this
study highlights a broader opportunity:
AMD treatment sludges accumulate over
long time represent an anthropogenic ore,
where valuable metals concentrate. Similar
deposits exist worldwide (Aubé & Zinck,
1999), suggesting that this approach could
be applied to other AMD lime treatment
residues and potentially to other water
treatment technologies, such as sulfate-
reducing bioreactors or Dispersed Alkaline
Substrate for rare earth (Ayora et al., 2016).

In an era where environmental priorities
are being challenged worldwide, developing
AMD treatment strategies that facilitate waste
valorization—by leveraging the long-term
accumulation of valuable metals in sludge—
could make these essential environmental
obligations more sustainable.
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Abstract

The American crayfish (Procambarus clarkii) is considered a bioindicator of Potentially
Toxic Elements (As, Hg, Cd, Pb, Cu, Zn, and Sb); on this basis, this study aims to assess
the human health risk associated with its consumption by the local population in the
Almadén mercury mining district, in terms of Hazard Quotient and Cancer Risk. A
probabilistic Bayesian approach was applied based on the concentrations of each PTE
in the sampled crayfish and survey data collected from the local population. The results
show that consumption of crayfish represents a health risk, mainly due to its As, Hg and

Sb content.

Keywords: Bayesian probabilistic approach, mercury pollution, bioaccumulation, food
safety, human health risk, potentially toxic elements

Introduction

The Almadén Mercury Mining District
(AMMD), located in Spain, has been his-
torically impacted by intense mercury
mining activities. These impacts have been
exacerbated by inadequate mine closure
practices, leading to widespread contami-
nation of soil, water, sediments, and biota
with potentially toxic elements (PTEs) such
as mercury (Hg), arsenic (As), and cadmium
(Cd) (Higueras et al., 2016; Jiménez-Oyola
et al., 2020; Barquero et al, 2023). This
contamination poses significant ecological
and human health risks, particularly for
populations living in proximity to the mining
district.

Among the various exposure pathways,
dietary intake of contaminated aquatic species
has emerged as a critical concern. In the
AMMD, the freshwater crayfish Procambarus
clarkii is frequently consumed by the local
population. This species is known for its high
capacity to bioaccumulate PTEs, especially

mercury, in its tissues (Anandkumar et al.,
2020). While several studies have assessed
environmental contamination in the region,
there is a notable lack of research evalua-
ting the health risks associated with the
consumption of bioindicator species such as
Procambarus clarkii, particularly in historically
contaminated mining environments.

This studyaims to assess both carcinogenic
and non-carcinogenic human health risks in
adults associated with the consumption of
abdominal muscle (AbM) from Procambarus
clarkii in the AMMD. To address this
objective, a Bayesian probabilistic framework
is employed. Bayesian statistics provide a
robust method for incorporating uncertainty
and prior knowledge into the analysis of
environmental health risks. Based on Bayes’
theorem, this approach allows the estimation
of the probability of health outcomes while
correcting for potential errors or limitations in
empirical data (Wu et al., 2014). Importantly,
it is especially suitable for cases where sample

452

Valente, T., Miihlbauer, R., Ordéfiez, A., Wolkersdorfer, Ch.



IMWA 2025 - Time to Come V

sizes are limited, as it enables the integration
of prior information to enhance the reliability
of results (Aven and Eidesen, 2007).

In this study, probabilistic distributions
were assigned to both the concentrations of
PTEs measured in crayfish tissues and the
exposure parameters obtained from surveys
conducted among the local population. These
distributions were constructed by combining
in situ data with well-established probability
density functions (PDFs) from the scientific
literature (Iribarren et al., 2009). This
framework was used to estimate key health
risk metrics, including the Hazard Quotient
(HQ), Cancer Risk (CR), Hazard Index
(HI), and Total Cancer Risk (TCR) for each
sampling point.

The results contribute to a deeper
understanding of the long-term environ-
mental and public health implications of
historical mining activities in the AMMD.
Furthermore, the findings highlight the
value of Procambarus clarkii as a reliable
bioindicator species, providing a basis for
future monitoring programs and environ-
mental health assessments in similarly
impacted regions.

Methods

The study area was located along a stretch
of the Valdeazogues River and its tributaries
within the AMMD area in Ciudad Real,
Spain. A total of 10 sites (S1, S2, S3, $4, S5, S6,
S7, S8, S9, and S10) were sampled.

A total of 300 Procambarus clarkii speci-
mens were collected. The crayfish were
rinsed with Milli-Q water and stored in
airtight polyethylene bags. Upon arrival
at the laboratory, they were euthanized by
hypothermia.

After a minimum of one week, the
crayfish were dissected using a stainless-
steel dissection kit to extract the AbM. The
extracted tissues were weighed to calculate
parameters for the Hazard Quotient
(HQ). They were then freeze-dried using a
Telstar Cryodos apparatus (at 0.1 mbar and
approximately -50 °C). The dried samples
were powdered and homogenized with a
KINEMATICA Microtron MB 800 B blade
mill for further analysis.

The AbM samples were analyzed using
Energy Dispersive X-ray Fluorescence (ED-
XRF) to determine the concentrations of
Potentially Toxic Elements (PTEs), including
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Figure 1 Location of the sampling sites, main mines and Hg outcrops.
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As, Cd, Pb, Cu, Zn, and Sb. Additionally, total
mercury (HgT) concentration was quantified
using Zeeman-corrected atomic absorption
spectrometry (Sholupov and Ganeyev, 1995).

A structured survey was administered
to the adult local population, following
the privacy policy of Spain, to gather key
exposure parameters, including body weight
(BW), exposure frequency (EF), ingestion
rate (IR), and exposure duration (ED). These
variables are essential for characterizing the
population in the context of human health
risk assessment.

In order to perform the risk assessment, it
has been done the estimation of the absorbed
dose (ADD: mg kg™ day"' ) which was
estimated using the equation:

Cx EF x IR x ED

ADD = AT x BW M
Where C is the concentration (mg kg™),
EF is the exposure frequency (days year™),
IR is the ingestion rate (kg day™'), ED is the
exposure duration (years), AT is the average
exposure time (365 days x 30 years for non-
carcinogenic or 365 days x 70 years for
carcinogenic risk assessment) and BW is the
body weight (kg).

The non-carcinogenic (HQ) and carcino-
genic risk (CR) were calculated according to
equation 2 and 3, respectively.

ADD
HQ = RfD @)
CR = ADD x SF (3)

The oral reference dose (RfD) and the slope
factor (SF) were obtained from the Risk
Assessment Information System Website
(RAIS, 2020). RfD: 0.0003 mg kg for As,
0.001 mg kg™ for Cd, 0.04 mg kg™ for Cu,
0.0001 mg kg™ for Hg, 0.004 mg kg™ for Pb,
0.0004 mg kg™ for Sb and 0.3 mg kg™ for
Zn. And the SF: 1.5 mg kg™' day™! for As and
0.0085 mg kg™' day™' for Pb.

Finally, the cumulative non carcinogenic
risk, expressed as the Hazard Index (HI),
has been calculated (HI=YHQ,). Similarly,
the Total Carcinogenic Risk (TCR) has been
estimated (TCR=YCR,). The acceptable thres-
hold values are 1 for HI and 1E-05 for the
TCR. (USEPA 2004a, 2001)

The probabilistic distributions used in
the risk assessment were selected based on
previous documentation and expert opinion.
Additionally, EasyFit 5.5 software was used

Table 1 Probabilistic distributions and their priors used for each parameter.

Parameters

Distributions

oo Ceas Crtgr Com G

Ceuw Czn

BW

EF

LogNormal (muC, tauC)

C =LogNormal (0, 0.1)
tauC = Gamma (1.0E-04, 1.0E-04)
Gamma (alpha, beta)
alpha=Gamma (1, 1)
beta = Gamma (1, 1)
Normal (mulr, taulr)
Ir=Normal (0,0.1)
taulr = Gamma (0.07, 1.0E-04)
Normal (muBw, tauBw)
Bw = Normal (1, 1)
taulR = Gamma (2, 1)
Beta (a, b)

a = Normal (5, 1.0E-04)

b = Normal (5, 1.0E-04)
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to determine the best-fit distributions for
collected data. The distributions and priors
used for each parameter are found in Table 1.
The probabilistic modelling was conducted in
RStudio using the RJags package, obtaining
1000 values for each parameter (Jiménez-
Ovyola et al., 2021).

Results and discussion

The metal concentrations detected at the
sampling points are summarized in Table 2.
Since measurements were taken on a dry
weight basis, and assuming a water content
of 70% for all analyzed samples, appropriate
adjustments were made. Zn and Cu exhibited
the highest concentrations, as they are
essential elements required in trace amounts
by organisms (Anadkumar et al, 2020).
In contrast, more than 50% of the samples
exceeded the legal limit for Hg, Pb, and Cd
(0.5 mg kg™, fresh weight), as established by
the European Union (UE 2023/915, 2023).

As shown in the Fig. 2a, the HQ,  and
HQg, exceeds the acceptable limit of 1 at 97.5
percentile and HQy, at 75 percentile. HQ,
also exceeds the limit in the 99.8 percentile.
As regards the carcinogenic risk, the CR,,
exceeds the permissible value of 1.E-05
(USEPA 2004a) in the 75 percentile, while
Pb doesn’t represents a carcingenic risk as it
doesn’t exceed this value (Fig. b). These results
indicates that the consumption of crayfish in
the Almadén mercury mining district may
represent a risk for consumers.

As shown in Table 3, the HI exceeds the
permissible value of 1 at each sampling site.
In the case of the carcinogenic risk, all the
sampling points also surpasses the limit for
TCR of 1E-05.

Although all values exceed the maximum
permissible limit, each site can be categorized
into three levels based on HI values: low (1 to
2), medium (2 to 3), and high (=3). Specimens
from sampling site S3 exhibits the lowest HI
value, placing it within the low-level category,
probably because it’s a point of non-influence,
upstream Las Cuevas mine. Sampling sites S1,
S2, S5, S6, S8, and S9 fall within the medium
level, while sites S4, S7, and S10 are classified
as high-level sites, all of them downstream a
mining affected zone.

Among the high-HI sites, S7 (Arroyo
Azogado) receives wastewater from nearby
towns and runoff from the Almadén Hg
mine, which likely contributes to its elevated
HI value. Similarly, site S10 (Presa Mendoza)
is located downstream the main mining
zones; acting like a barrier as it receives water
from the DMMA and the Alcudia Valley.

Among the medium-HI sites, S2 collects
water draining from El Entredicho mine,
potentially leading to a significant influx of
As and Hg into the Valdeazogues River at this
location. Unlike S7, which is affected by the
Almadén Mercury mine—asite with historical
metallurgical activity—S2 is influenced solely
by El Entredicho mine, where no metallurgy
was present. The S5 site, on the other hand,
is influenced by two distinct sources: treated
wastewater from the town of Almadén and
runoff from the industrial area of the same
town; this combination of inputs may explain
its classification within the medium-HI range.

A significant difference in HI and TCR
values can also be observed between sites
S3 and S4, with S3 located upstream of Las
Cuevas mine and S4 downstream of it. This
contrast highlights the strong influence of

Table 2 Metal concentrations of the sampled points (mg kg, f.w.)

Minimum p50 Mean p97.5 Maximum
As 0.46 211 2.45 6.44 7.46
Ccd 0.21 0.70 1.84 1.89
Cu 50.85 11237 125.50 219.59 227.71
Hg 0.48 1.02 1.22 2.47 2.50
Pb 0.28 0.70 2.95 3.15
Sb 1.61 5.53 5.76 9.34 10.33
Zn 91.91 253.75 261.37 332,57 355.63
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Figure 2 Boxplot of the (a) Hazard Quotient and (b) Cancer Risk (values in logarithm scale). The red line

represents the safe exposure threshold.

Table 3 Values of the HQ, CR, HI, and TCR for each PTE and sampling site.

Sam.p"ng Ha HI & TCR

Site As Cd Cu Hg Pb Sb Zn As Pb

S1 047 006 013 046 003 106 0.06 227 9.10E-05 3.66E-07 9.13E-05
S2 022 009 014 123 001 106 006 2.81 4.18E-05 1.69E-07 4.19E-05
S3 022 002 014 053 002 048 003 1.45 4.18E-05 3.16E-07 421E-05
S4 061 006 034 159 001 091 005 3.56 1.17E-04 1.69E-07 1.17E-04
S5 038 009 017 080 001 123 007 2.75 7.31E-05 1.41E-07 7.32E-05
56 043 006 021 058 002 073 005 2,07 8.20E-05 2.20E-07 8.22E-05
Y/ 046 003 031 097 001 123 007 3.08 8.95E-05 1.30E-07 8.96E-05
S8 068 005 018 043 002 130 006 2.73 1.32E-04 3.55E-07 1.32E-04
9 061 006 014 035 002 089 006 213 1.18E-04 2.65E-07 1.19E-04
S10 134 006 031 115 002 065 007 3.59 2.59E-04 2.76E-07 2.59E-04

abandoned mines on the aquatic ecosystem in
the region and, consequently, their potential
implications on human health through the
trophic chain.

Conclusions

The findings suggest that consumption of
crayfish sampled in the context of the AMMD
pose a health risk, primarily due to their As,
Hg and Sb content. Arsenic contributes to a
cancer and non-cancer risk at all sampling
sites. On the other hand, Hg and Sb are
the main contributors to non-cancer risk.
This finding suggests that sediments in the

crayfish habitat may contain elevated levels of
these PTEs.

The primary driver of human health
risks associated with crayfish consumption
through the food chain appears to be the
large number of abandoned mines in the
region. Due to inadequate closure, these
sites continue to influence the aquatic
ecosystem, particularly downstream of the
mines, where the highest HI and TCR levels
are recorded.

Upstream sampling points exceed the
maximum permissible limit for HI, indicating
that although pollution levels are lower in
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these areas, they remain significant. This
contamination is likely influenced by both
anthropogenic and geogenic sources within
the exploitation zone.
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Abstract

Gold mining in Antioquia, Colombia, is prominent, especially in Bajo Cauca and
Nordeste. This study, a collaboration between the National University of Colombia
and the University of Oviedo, used materials from the "El Molino" plant. It aimed to
optimize gold mining sands for clinker manufacture by identifying waste parameters
affecting production, determining optimal raw material proportions using Bogue's
moduli, and comparing the mechanical performance of cement from mining waste
with conventional Portland cement. Results indicated the necessity of thermal pre-
treatment to reduce contaminants and highlighted the high energy input required

for effective silica reaction.

Keywords: Mining waste, clinker, circular economy, environment

Introduction

Mining operations have been identified as a
significant source of environmental liabilities,
defined as abandoned mining activities
(Yurupari, 2003; Cruzado-Tafur et al,
2021). The inadequate management of these
liabilities is associated with the generation of
acid drainage, which can be detected between
2 and 5 years after the commencement of
mining operations (Abiahu, 2019).

In the context of gold mining, these
liabilities, otherwise known as tailings,
are constituted of a mixture of crushed
rock and processing fluids from mills and
concentrators (Kossoff, 2014). It is noteworthy
that these tailings frequently contain elevated
concentrations of toxic elements and
compounds, including cadmium, copper,
zinc, lead and chromium (Abiahu, 2019;
Okereafor, 2020).

The properties of these waste materials
vary according to the protolith from which

they originate, but they generally exhibit high
angularity and abundance of grains with sizes
between 0.625 mm and 2.0 mm, and variable
densities between 2.5 g/cm® and 2.6 g/cm?
(Kossoft, 2014). Mineralogically, they are
classified into three groups: gangue (mainly
quartz and plagioclase), sulfides (such as
pyrite, pyrrhotite and arsenopyrite) and
secondary minerals formed by interaction
in the depositional medium. The waste-
to-concentrate production ratio is high,
sometimes around 200:1, and can increase as
the market price of metal rises (Lottermorser,
2010; Kossoff, 2014).

A number of studies have explored
potential new applications for these by-
products. However, the process of obtaining
gold follows a linear design where the ore is
beneficiated and the residue is discarded or
stored in dams, sometimes used as backfill
material without adequate knowledge of
its physical, chemical and mineralogical
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characteristics (Kossoff, 2014). This has
resulted in these tailings being considered
as inefficient materials, with a low impact on
waste reduction

In Colombia, gold mining is active
in approximately 17 departments and 80
municipalities across diverse scales (Casallas
& Martinez, 2014). In 2023, the department
of Antioquia ranked as the leading gold
producer, with the municipalities of Caucasia
and Buritica reporting gold yields of 9,365.7
kgand 6,501.9 kg, respectively (UPME, 2024).
This suggests that Antioquia, as the largest
gold producer in the country, has a significant
amount of mining waste in its territory.

Cement production requires a carefully
balanced chemical composition in the raw
mix to ensure optimal clinker mineralogy
and performance. The main components —
lime, silica, alumina, and iron oxide - must
be present in specific ratios to form desirable
phases such as alite and belite. However,
naturally occurring raw materials often lack
this ideal composition, particularly in terms
of reactive silica and alumina contents.
Considering that the raw materials for
cement production are not chemically ideal,
it is necessary to add corrective materials.
These include silica-rich materials such as
quartzites and quartz sandstones, although
softer minerals or amorphous silica like opal
are preferred due to their higher reactivity
during sintering (Tobon & Lépez, 2007).
Mining waste has potential for clinker
production due to its high silica content and
significant amounts of iron and alumina,
which are essential components for clinker
manufacturing.

This study, a collaborative endeavor
between the National University of Colombia

Figure 1 El Molino Mine.

and the University of Oviedo, explores the
utilization of mining waste from the 'El
Molino' facility for the fabrication of clinker.
The objective is to propose a sustainable
alternative for the management of gold
mining waste in the region, in alignment with
the 2030 Sustainable Development Goals and
the principles of the circular economy

Materials and Methods
Materials
The material used in this research

corresponded to samples taken from the
gold mining waste storage ponds at the ‘El
Molino’ processing plant. The plant is located
in the rural area of the village of Santa Rita,
located 10 km northwest of the municipality
of Andes in the department of Antioquia -
Colombia (Fig. 1).

Artisanal miners in the area travel to
the plant to process the material extracted
from the mines. The concentrate is marketed
and the tailings from the process are stored
in storage yards within the plant. Finally,
the tailings from the artisanal miners'
beneficiation process that was stockpiled
become the raw material for processing at the
“El Molino” beneficiation plant.

Sampling points were randomly selected
and with the help of a sampling shovel,
approximatelyl5 kilograms of material was
extracted and packed in bags. XRD, XRF and
SEM were used for characterization.

X-Ray Diffraction (XRD)

The XRD test confirmed the presence of
quartz, plagioclase and magnetite. A content
of micas such as Illite and Muscovite was also
detected (Fig. 2).
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Figure 2 Diffractogram of the mining residue.

Table 1 XRF results of the mining waste.

Mg Al si ) s a K

% 6,49 1,71 57,97 0,86 4,31 0,25 1,94

Ca Ti Mn Fe Cu Zn As \

0,55 0518 0,03 11,25 0,04 0,17 2,45 0,03

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM)
confirmed the presence of quartz, arsenic and
sulfur in the form of pyrite and arsenopyrite.
The quartz grains (QZ) were identified
surrounded by arsenopyrite (As).

The complementary raw material for
clinker production came from different
sources located in Asturias. The calcite was

Figure 3 Micrograph of the waste particles.

supplied by the La Belonga mine located
in the city of Oviedo, the silica sand was
obtained from the company ‘Silices La Cuesta’
where it is used for glass production and the
alumina from the company ‘Arciresa, Arcillas
Refractarias S.A. located in Lugo de Llanera.
These raw materials were all characterised by
their high purity.

Element | Weight% Atomic%
oK 36.21 56.82
Mg K 3.10 3.20

Al K 9.09 8.46
SiK 17.83 15.94
CIK 0.25 0.18
KK 0.88 0.57
TiK 2.26 1.18

Fe K 30.38 13.66
Totals 100.00
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Table 2 Contribution to clinker meal from gold mining waste sands.

Ca0 (%) ALO, Fe,0, sio,
0,1 0.0 94.7 5.2
Table 3 Dosage of complementary materials to clinker meal.
Calcite (g) Alumina (g) Silica (g) Sand (g)
0,1 0.0 94.7 52
MH (%) MS (%) MA (%) LFS (%)
1.9 1.6 1.2 90.85
Method: of the raw materials in the sintering process

Using Boggue's method for the calculation
of the dosage of the raw materials in the
manufacture of Clinker, the calculations of the
necessary dosages of both the mining waste
Table 2 and the rest of the material necessary
to reach the values required to obtain the
Clinker with the modules presented in Table 3.

After the compression of the tablets
with the prepared mixture, the specimens
were subjected to different heating ramps
from room temperature with a ramp of
10°C per minute until they reached maximum
temperature and were kept at this constant
temperature for 45 minutes. After this time,
the clinked specimen was removed from the
furnace. The maximum temperatures used
were 1250 °C and 1300 °C.

Results

After the clinkering tests, the sample did
not reach a complete reaction at 1250°C,
as granules and pores of different sizes and
colors were found inside the sample without
showing homogeneity of the firing and
therefore in the final coloring. Fig. 4a
Similarly, the product shown in Fig. 4b
showed a darker color due to the interaction

in the kiln, however, some unreacted particles
were still observed, which led to an additional
test with a ramp to ensure the decarbonation
process of the flour.

As a result of testing the sample with the
stepped ramp at a maximum temperature of
1300°C, the product shown in Fig. 4c was
obtained, which exhibits a more intense
brown color, less unreacted granules and a
higher reaction of the components. For the
step ramp, the equipment was programmed
with a ramp of 10 °C per minute until 800 °C
was reached. At this temperature remained
constant for 30 minutes and at the end of
this time it was increased again at 10 °C
per minute until it reached a maximum
temperature of 1300 °C, remaining constant
for 45 minutes.

Each of the products obtained from
the sintering process in the linear heating
ramps at 1250 °C and 1300 °C, as well as the
product from the stepped ramp at 1300 °C,
were characterized by XRD and SEM in the
equipment of the University of Oviedo in
order to verify in greater detail the formation
of the mineral phases of the clinker.

Figure 4 Specimens obtained at 1250 °C (a), 1300 °C linear (b) and 1300 °C staggered (c).
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Table 4 XRD identification.

Phase name Identification COD Identified 26 peaks 20 correlated reference
peaks
Heating ramp to 1250 °C
Larnite 96-901-2790 32,6017°y 32,0288° 32,598°y 32,075°
Gehlenite 96-101-1003 31,3307°y 29,0424 31,347°y 29,061°
Calcite 96-900-9668 29,3900y 47,1236° 29,3900y 47,092°
Merwinite 96-900-0286 33,4894° 33,409°y 33,568°
Heating ramp to 1300 °C
Larnite 96-901-2790 32,1361°y 32,6338° 32,598°y 32,075°
Gehlenite 96-900-6114 31,3702°y 29,1217° 31,347°y 29,061°
Merwinite 96-900-0286 33,4978° 33,409°y 33,568°
Heating ramp to 1300 °C Stepped
Larnite 96-901-2790 32,6345°y 32,1475° 32,598y32,170
Gehlenite 96-900-6114 31,384°y 29,083° 31,347 y 29,061
Merwinite 96-900-0286 33,4953¢ 33,409°y 33,568°
Scanning Electron Microscopy (SEM) References

On the matrix, there is a growth of grains
with an approximate size of 1pm and a lighter
color than the matrix, forming in some sectors
agglomerations in the form of rosettes. The
presence of gehlenite is observed in the form
of well-defined needles with sizes between
lpum and 5pm, as well as cracks due to the
cooling process.

Conclusions

This study addresses the possibility of reusing
gold mining waste, a major environmental
liability, for application as a raw material
for clinker production. The study identified
the critical parameters affecting clinker
production, concluding that waste cannot
fully replace raw materials and requires
high purity supplements. Therefore, not all
deposits are suitable; a complete mineral
characterization of the waste to be used in
each case is needed.

On the other hand, once the final clinker
obtained has been studied, it is concluded that
controlling the temperature, the amorphous
phases and promoting the formation of belite
during sintering could improve the properties
of the final product.

This study highlights the potential of
gold mining waste for clinker production,
contributing ~ to  sustainable = waste
management and circular economy
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Abstract

Corrosion of metals and alloys represents a significant economic burden, accounting
for approximately 3-4% of the annual GDP in developed countries, according to the
European Commission. Among the various forms of corrosion, one of particular
concern is that caused by acid mine drainage (AMD). Due to the thermodynamic
instability of metals submerged in water, corrosion is inevitable. This phenomenon
becomes even more critical in AMD-affected environments, where low pH and
dissolved ions accelerate material degradation. Therefore, developing sustainable
and cost-effective methods to mitigate AMD-induced corrosion is essential.

This study investigates the effectiveness of a green corrosion inhibitor derived from
spent coffee grounds, in reducing the corrosion rate of mild steel exposed to AMD.
The primary goal is to explore a low-cost, eco-friendly alternative to conventional
inhibitors, aiming to enhance the durability of metallic infrastructure in mining and
industrial settings. The research methodology involves weight-loss analysis of mild
steel samples immersed in AMD, with and without the green inhibitor, to quantify
its protective effect.

The results demonstrate a significant reduction in material degradation when
the inhibitor is present, as it forms a protective film that shields the metal from
direct interaction with the acidic environment. Compared to untreated samples, the
inhibited specimens show a substantial decrease in weight loss, indicating improved
corrosion resistance. This protective layer, attributed to organic compounds in the
coffee waste, acts as a barrier against aggressive ions in AMD.

The findings of this study highlight the potential of waste-derived inhibitors as
a viable solution for mitigating AMD-related corrosion. The practical implications
extend to mining operations and industrial facilities where metallic structures
and machinery are at risk of premature failure due to corrosive conditions. By
enhancing the service life of steel components, this research contributes to reducing
maintenance costs and promoting sustainable waste management practices.

This work underscores the feasibility of using green inhibitors for corrosion
protection, paving the way for further exploration of organic waste-based solutions
in industrial applications.

Keywords: Corrosion, steel, AMD, green inhibitors.
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Introduction

Corrosion is a widespread problem that
affects the durability of metal structures,
leading to economic losses of 3-4% of the
annual GDP in developed countries (Kumari
et al., 2025). Among the various forms of
corrosion, one of the most severe is acid
mine drainage (AMD)-induced corrosion,
which occurs in mining environments
where sulfide mineral oxidation generates
acidic waters rich in sulfate and metal ions
[09]. This low-pH environment significantly
accelerates the degradation of metallic
infrastructure, particularly mild steel,
commonly used in industrial and mining
applications (Miguel Sarmiento et al., 2024).
To promote a corrosive process,
it is mandatory the formation of an
electrochemical cell which is composed of an
anodic zone, a cathodic zone, an electrolyte
and a metal (Jares Salguero et al., 2024b).
In a corrosion process, usually, the anodic
reaction is the one show in Equation 1 (M
is the corroded metal specie). However, the
most common cathodic reactions (Eq. 2
aerated neutral or alkaline aqueous medium,
Eq. 3 acid aerated aqueous medium, Eq. 4
acid medium) depends on the environmental
conditions which are dependent on the pH
(Pancorbo, 2010).
(Eq.-1) M ©M™ +ne
(Eq.2) O,+H,0 +4e — 40H
(Eq.3) O, +4H"+4e —2HO
(Eq.4) 2H*+2e — H?

AMD is primarily caused by the oxidation
of pyrite (FeS;) in the presence of water and
oxygen, leading to the formation of sulfuric
acid and dissolved metal ions (Younger
et al., 2002):

(Eq.5) 2FeS, + 70, + 2H,O — 2Fe* +
450> + 4H*

These aggressive conditions promote pitting
corrosion, stress corrosion cracking, and
material failure in industrial equipment
(Miguel Sarmiento et al, 2024). Studies
show that mild steel exposed to AMD
experiences significant weight loss and
tensile strength reduction, which can lead to
catastrophic failures in mining infrastructure
(Miguel Sarmiento et al., 2024). Given the

high economic and environmental costs,
developing effective corrosion mitigation
strategies is crucial (Ling et al., 2024).

Given the highly corrosive nature of AMD
environments, effective mitigation strategies
are crucial. Traditionally, inorganic inhibitors
such as chromates and phosphates have been
widely used. However, due to their toxicity and
environmental impact, regulatory restrictions
have increase and research has shifted toward
green alternatives, particularly plant-derived
inhibitors (Kharbouch et al., 2024). Organic
inhibitors, including quinolinium derivatives
and imidazole-based compounds, function
by adsorbing onto metal surfaces and
forming a protective barrier [11]. However,
their high cost and potential bioaccumulation
have driven interest toward green corrosion
inhibitors derived from sustainable sources
(Parangusan et al., 2024).

Plant-based inhibitors have emerged
as a promising alternative due to their
biodegradability, low toxicity, and cost-
effectiveness (Mungwari et al., 2024). Many
natural inhibitors contain polyphenols,
flavonoids, and alkaloids, which adsorb onto
metal surfaces and reduce corrosion rates
(Mungwari et al., 2024). Among biomass-
based inhibitors, spent coffee grounds (SCG)
have shown significant potential due to their
high polyphenol and melanoidin content,
which facilitates the formation of a protective
film on mild steel (Elhady et al., 2024).

Electrochemical studies demonstrate that
coffee waste extracts can achieve up to 96%
inhibition efficiency in acidic environments.
Tafel polarization and electrochemical
impedance spectroscopy (EIS) tests confirm
that coffee waste reduces the double-layer
capacitance (Cdl) and increases charge transfer
resistance (Rct), indicating strong adsorption
on the metal surface. Furthermore, using
coffee waste as an inhibitor aligns with circular
economy principles, reducing industrial waste
while providing a low-cost corrosion control
method (Elhady et al., 2024).

Thisstudyevaluatesthe corrosioninhibition
efficiency of coffee waste extract in AMD
environments, identifying and evaluating its
protective efficiency. By assessing weight-loss
measurements, electrochemical behaviour,
and inhibitor-film formation, this research
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aims to provide a sustainable alternative to
conventional inhibitors, extending the lifespan
of metallic structures in mining and industrial
applications.

Materials and methods

In this study carbon steel coupons with
the same composition and from the same
piece were prepared. Those coupons were
mechanically cut into 25 mm x 25 mm X
0.75 mm (£1). Then, they were polished with
silicon carbide emery papers and commercial
sandpapers of different granulometry, after
cleaned with distilled water and finally dried
in an airflow.

Based on earlier used procedures
(Cordeiro et al., 2018; Elhady et al., 2024;
Jares Salguero et al., 2024a; Ramos et al., 2019;
Torres et al., 2011), the extraction of spent
coffee was used to perform the experiments.
Aqueous extract of spent coffee was obtained
by infusion method.

The present investigation was carried out
using commercial coffee which was used for
conventional extraction in an electric coffee
maker. After the extraction, it is performed
a re-extraction process harnessing 200mL of
distilled water for each 100g of spent coffee.
The infusion method involves boiling the
coffee for 10 minutes, followed by filtration
through a commercial coffee filter. Finally,
the second and definitive aqueous extract is
filtered with a Whatman filter of 20-25 pm.

Table 1 Characterization of the Sao Domingos AMD.

Parameter Value
H 2,3
Al 241.000 pg/L
As 1.090 pg/L
Cu 25.700 pg/L
Fe 214 mg/L
Hg <0,05 pg/L
Mg 86,8 mg/L
Mn 12.850 pg/L
Ni 512 ug/L
Pb 39,9 ug/L
U 6,22 pg/L

The extracts of spent coffee grounds were
used as corrosion inhibitors for carbon steel in a
Sao Domingos AMD. The sample was taken at
the following coordinates: 631823 X, 4169012 Y.

Triplicate carbon steel coupons were fully
immersed in the Sdo Domingos AMD in the
absence and presence of the green corrosion
inhibitor based in aqueous spent coffee
extracts at room temperature (20+2°C). The
samples were placed in a static environment
without agitation. For the experiment, they
are prepared three borosilicate vessels with
only 50 ml of the Sao Domingos AMD and
other three additional borosilicate vessels
with a solution prepared with 50 ml of AMD
and 5 ml of green inhibitor. It should be
noted thar the pH after the inhibitor addition
does not vary, thus, the pH of both solution
remains in 2,3.

Weight loss was determined using a scale
with an accuracy of 0,02 mg. The efficiency of
the inhibitor is determined by the following
expression (Torres et al., 2011):

Wo — Wi
Wa

Where W and W, are the weight loss in the
absence and inhibitor presence respectively.
In order to evaluate significant figures, the
mean of the three results obtained is the value
used for the representation of each result.

(Eq.6) E[%]=

Results

Fig. 2 presents the variation in corrosion
rate for steel coupons exposed to AMD, with
and without the inhibitor, over different
immersion times. Under identical electrolyte
conditions and exposure times, the spent
coffee extracts form a protective layer,
reducing the corrosion rate. (R ).

However, experimental data indicate that
as exposure time increases, the corrosion
inhibitor’s efficiency decreases substantially.
This fact indicates that the passivation layer
form over the metallic surface is degraded
over time. This result suggests that, for a real
AMD a dispenser could be recommended.

Furthermore, the SEM images support
the thesis of the efficiency reduction by time.
As it is shown in Fig. 3, the presence of oxides
over the metallic surface is similar for both
samples.
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Figure 1 Experimental extraction and set-up.

Conclusion

The efficiency of aqueous spent coffee
extracts is proven by different researchers for
acidic solutions (Cordeiro et al., 2018; Elhady
et al., 2024; Jares Salguero et al., 2024a; Ramos
et al., 2019; Torres et al., 2011), however, this
investigation evidenced it's performance
in an AMD environment. This inhibition
action is attributed to the blocking action of
the protective layer form by the spent coffee
extract. Moreover, the inhibition efficiency
decreases with increasing the exposure time.
For further research, it is advisable to
repeat the current experiment simulating
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2H 4H
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Figure 2 Variation of the corrosion rate of test coupons.

an AMD flow and dosing the coffee extract
periodically in order to avoid the efficiency
decrease due to the passage of time.

References

media. International Journal of Electrochemical Science
13, 12188-12207.

Elhady, S., Zaki, E., El-Azabawy, O.E., Fahim, IS,
2024. Electrochemical evaluation of green corrosion
inhibitor based on ground coffee waste in Petroleum
fields. Results in Engineering 21, 101880.

Jares Salguero, I., Gonzalez Genicio, L., Garcia Ordiales,
E., Laine Cuervo, G., del Campo Gorostidji, J.J., 2024a.
Utilizacion de residuos como inhibidores verdes de
la corrosiéon en medios acidos. Posibilidades para

6H 24H

=== Rcorr
SD AMD + 5ml coffee inhibitor

Valente, T., Miihlbauer, R., Ordéfiez, A., Wolkersdorfer, Ch.

467



” IMWA 2025 - Time to Come

Table 2 Variation of the corrosion rate of test coupons.
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h mg-cm?h"
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Abstract

Mine closure has become an integral part of mine planning to ensure sustainable closure
of mines and to avoid post closure social and environmental risks and to minimize
closure financial liabilities. Opencast mining operations result in a final mine void which
on closure fill with water, forming a pit lake. Pit lakes are becoming an increasingly
acceptable form of mine closure provided that long-term environmental risks are
acceptable especially water quality degradation. In addition, pit lakes may negate cost
associated with backfilling of the final mine void and potential water treatment costs.
Case studies have shown that terminal pit lakes can reduce closure costs by 50 to 85%.
Sustainable mine closure is assessed in terms of the appropriate mitigation measures to
ensure no long-term environmental liabilities.

Keywords: Mine closure, pit lakes, water management, financial provision

Introduction

To ensure sustainable mining, all mines require
a closure plan that must be environmentally,
legally and socially sustainable and is suitably
funded. In assessing the environmental aspect
of closure, one of the most important factors is
the management of post closure water impacts
and liabilities. The potential post closure water
impacts are dependent on the mining method
and the mineral being mined. In general, sulfide
ores have the greatest impact on water quality
and open cast mining thelargestimpact on water
quantity. Sulfide ores often lead to acid mine
drainage as seen in copper mines in Canada and
Spain. Pit lakes are an internationally acceptable
from of mine closure for example lignite mines
in Germany, gold pits in Australia and sulfide
mines in Canada.

The main concern regarding potential
water impacts on the closure of a mine is
determining the impact of rebounding water.
The forecasting is required to determine if the
rebounding water will discharge on surface.
If the rebounding water will discharge on
surface predictions are required to determine
the time, location, volume and the quality. The
water management strategy is then included
in the mine closure plan and budgeting the

financial provision for the rehabilitation
quantum.

Pit lakes form when dewatering ceases
and mine voids fill with water. Correctly
designed pit lakes provide a sustainable water
management option for mine closure and may
avoid long-term treatment costs. Correctly
designed pit lakes minimise environmental
impact and long-term post closure financial
liabilities. Pit lakes also offer potential uses of
the water for domestic, off channel storage,
agriculture, fish farming, recreation and
biodiversity. (Blanchette and Lund 2016).

The aim of the paper is to evaluate pit
lakes as a cost effective, environmentally
sustainable closure option through South
African case studies. The paper discusses
4 case studies for the closure of a coal,
diamond, chrome and a manganese mine in
South Africa using pit lakes

Types of Pit Lakes

There are three main types of pit lakes,
and these are largely dependent on the
hydrological regime and the pit lakes water
balance. (See Fig. 1).

Type 1: Terminal sinks have no surface
outflow due to a net negative water balance
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Figure 1 Sink, Throughflow and Recharge Pit lakes (Johnson and Wright 2003).

Type 2: Throughflow pit lakes result in flow
of groundwater from the pit lake Type 3:
Recharge pit lakes result in groundwater
recharge and potential discharge on surface

South African Climate

South Africa’s climate varies from a humid
climate in the southeast to very arid in the
west. In general, the decrease in rainfall is
associated with an increase in the potential
evaporation resulting in a net water deficit
over the majority of South Africa. On average
South Africa receives 500mm/a with a mean
potential evaporation of 1800mm/a. The
magnitude of the water deficit depends on
the location in South Africa and offers the
opportunity for the design of terminal sink
pit lakes as a closure option. This relationship
applies to many global locations including
Australia, Chile and West Africa. Terminal
sink pit lakes offer an alternative to long term
water treatment with the associated carbon
footprint and disposal of waste.

Pit lake Water Balance

Pit lake water balances in South Africa
are largely controlled by evaporation as
evaporation exceeds precipitation by a factor
of 2 to 3 (depending on the location). As a
result, if the inflow into a pit lake is managed
and the net evaporation from the pit lake
surface area is greater than the sum of the
inflows, it is highly unlikely that the pit lake
will discharge onto the surface and into
the catchment. This deficit in arid climates
support terminal sinks reducing discharge
risks as seen in wetter climate like Scandinavia
and Germany. The water balances of the pit
lakes are calculated based on a generalized
mathematical expression after Gamons et al.
(2009) where:

AS = (P+ SWin+ GWin) - (E+ (T) + SWout
+ GWout)

AS is change in storage, which is the volume
of water in the lake.

Water In is a sum of:

P is the precipitation falling onto the pit lake.
SWin is the sum of any surface water inputs
which include runoff and diverted streams.
GWin is groundwater entering the lake
(which includes groundwater flow from
historical workings).

Water Out:

E is the evaporation from the lake.

T is plant transpiration (negligible in arid pit
lakes and significant in wetter climates)
SWout is surface water discharged from the
pit lake and includes pumpage.

GWout is the groundwater leaving the pit lake.

In the above equation if SWin is managed
by minimizing runoff into the pit lake and
GWin is reduced by allowing groundwater
levels to rebound decreasing the groundwater
gradient (inflow) and evaporation exceeds
the sum of all inflows into the pit lake, the
pit lake will be a terminal sink. SWin can be
minimised inflow management techniques
such as diversion channels to discharge clean
water into the catchment. The arid climatic
conditions in southern Africa favour the use
of terminal pit lakes for mine closure.

Pit lake Water Quality

A major consideration is the pitlake water quality
after the closure of the mine. The pit lake water
quality affects the environmental classification
and as a result the environmental sustainability
of the lake. Models of pit lake geochemistry are
described by external and internal processes
of which many of the internal processes are
mediated by algae and microbes (Gammons
et al., 2009). External processes are described as
wall rock runoff and wall rock leaching in the
Kriel case study detailed below. The quality of
the inflows (surface and groundwater) into the
pit lake also affects the evolution of the pit lake
water quality (See Fig. 2)

Pit lakes generally exhibit stratification
in the water column which is also dependent
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on the depth of the pit lake. Shallow pit
lakes exhibit less stratification than deep pit
lakes. The stratification results in a variation
in the water quality and temperature with
depth (Gammons 2009). The aspect ratio
of pit lakes determines the relationship
between the surface area and depth of the
pit lake (Castendyk et al. 2015). Shallow
lignite pit lakes in Germany exhibit very little
stratification and due to wind related mixing
(Muller 2017) while deep pit lakes in Navada
form meromictic layers. Fig. 2 shows the
varying water quality and geochemical process
that occur in pit lakes in the epilimnion,
hypolimnion and monimolimnion.

Considerations for Using Pit lakes as a
Sustainable Closure Option

Assessing a mine closure plan that includes
pit lakes requires evaluating, quantifying, and
prioritising various factors to determine their
suitability for sustainable closure (ICMM,
2019). Water quality is typically the most
critical consideration.

South African Regulatory Requirements

South Africa has a complex regulatory
framework for the use of pit lakes in mine
closure. The regulatory requirements include
the Mineral and Petroleum Resources Act 28

of 2002 (mandates mine closure), National
Water Act 36 of 1998 (mandates water
licences) and the National Environmental
Act 107 of 1998 (mandates ESIA). To
obtain the regulatory approval for the use
of pit lakes in the mine closure multiple
authorisations are required for all the acts. A
working group involving Coaltech, Minerals
Council and some mining companies are
engaging with the relevant South African
Authorities to streamline the process for the
approval of pit lakes for mine closure. Unlike
Australia’s streamlined EIS process, South
Africa requires multi-act approvals and draft
regulations are expected in late 2025

Case Studies

To illustrate the implementation of pit lakes
into mine closure programs several South
African case studies are discussed. As each
pit lake is unique but is governed by the
same broad classifications and the author
has selected several case studies to illustrate
various options. The case studies are included
in the mine closure plan and the associated
financial provision. Only in the diamond and
one of the coal mines cases have the mine
closed, while in all the other case studies
involve operational mines. The case studies
vary in locations, nature of the ore body,
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Figure 2 Chemical Process in a pit lake. (Gammons (2009).
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