
Table 1 Physical property of the waters at the depths sampled in the N and Z pits, the closed Hammaslahti mine 
area, eastern Finland. Keys: < below the lowest detection limit, n.d. = no data. 

 Depth Temp pH Redox Oxygen EC Alkalinity1) Solids 
 m °C  mV mg/l mS/m mmol/l mg/l 
N pit         
March 24th 1 1.6 4.9 276 12.4 10.4 n.d. <10 
Sept 8th 1 15.2 5.6 216 8.86 10.5 0.04 < 2 
March 24th 22 4.5 3.9 463 1.29 32.5 n.d. <10 
Sept 8th 20 4.6 4.0 516 3.33 22.3 n.d. < 2 
March 24th 40 5.5 5.6 -58 -0.05 49.9 0.21 128 
Sept 8th 37 5.5 5.7 -3.8 0.12 34.6 0.28 4.7 
Z pit         
March 25th 2 3.5 6.3 143 5.29 85.9 0.50 <10 
Sept 9th 2 15.2 7.2 147 9.05 81.2 1.00 < 2 
March 25th 30 3.4 6.3 135 4.99 85.8 0.50 <10 
Sept 9th 30 5.0 6.4 120 1.30 61.6 1.04 < 2 
March 25th 35 4.9 6.2 -4.6 -0.01 188 2.36 28 
Sept 9th 35 4.7 6.4 -58 0.12 137 3.66 68 
March 25th 45 5.2 6.2 -31 -0.06 219 0.53 <102) 
Sept 9th 45 5.1 6.5 -82 0.10 155 5.43 342) 
1)no = non measurable alkalinity (pH ≤ 4.5) 
2)The duplicate sample from the depth of 45 m had solids 110 mg/l in March and 120 mg/l in September. 

 
Table 2 Concentrations of organic carbon, and soluble main and trace elements in water samples taken from the 
N and Z pit, the closed Hammaslahti mine area, eastern Finland. Keys: < below the lowest detection limit, n.d. 

= no data, Duplic. =duplicate sample. 
N pit Depth TOC DOC S-SO4

1) S Ca Al Fe Fe2+ Mn Zn Cu 
  m mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l µg/l µg/l 
March 24th 1 12 11 21.4 26.5 18.8 0.97 0.45 0.51 0.24 327 41.9 
Sept 8th 1 8.6 7.9 23.7 24.1 19.2 0.32 0.16 0.16 0.19 226 41.5 
March 24th 22 1.4 0.93 76.8 87.1 49.5 4.28 0.75 0.66 1.32 1810 42.8 
Sept 8th 20 1.7 1.3 76.8 75.9 47.7 3.77 0.46 0.07 1.29 1750 60.3 
March 24th 40 3.7 1.4 130 152 79.4 1.25 38.2 41.2 1.83 20.4 <0.1 
Sept 8th 37 2.0 1.3 129 132 77.3 1.02 36.6 37.4 1.81 21.9 0.28 
Z pit                         
March 25th 2 1.7 0.81 267 322 287 0.003 1.11 1.25 2.83 91.7 0.15 
Sept 9th 2 1.9 1.5 264 268 278 0.17 0.05 <0.02 1.10 46.4 <0.1 
March 25th 30 1.6 1.3 270 321 291 0.005 1.15 1.26 2.84 89.8 0.23 
Sept 9th 30 1.8 1.5 260 265 276 0.17 0.05 <0.02 2.76 84.0 <0.1 
March 25th 35 6.9 4.0 634 786 547 0.004 259 n.d. 12.4 44.8 <0.1 
Sept 9th 35 5.3 3.9 624 620 503 0.17 179 181 10.1 44.3 <0.1 

March 25th 
45 2.1 1.2 267 334 298 0.003 5.12 6.00 3.01 88.0 <0.1 
Duplic. 6.2 5.1 701 927 549 0.003 411 n.d. 15.5 18.3 <0.1 

Sept 9th 
45 7.5 5.6 731 724 508 0.17 302 324 13.7 22.4 <0.1 
Duplic. 6.4 5.4 721 708 494 0.17 294 n.d. 13.6 24.2 <0.1 

1)calculated by dividing SO4 concentration with 2.996 

 
The profile of the bacterial community in the N pit water supports the reduction of Fe3+ in the water at 
least in the uppermost, oxygenated water layer where the Burkholderiales iron-reducing and sulphur-
oxidizing bacteria dominated. This feature may also be present at 22 m depth, but the role of the 
betaproteobacterial SBla14 cluster is not yet clear. At greater depths Fe2+ is probably oxidized by 
epsilonproteobacteria. In addition, these epsilonproteobacteria detected in the N pit at 40 m depth are 
sulphur oxidizers, which could affect the acidification of water as well as prohibit the formation of Fe 

Proceedings IMWA 2016, Freiberg/Germany  |  Drebenstedt, Carsten, Paul, Michael (eds.)  |  Mining Meets Water – Conflicts and Solutions

824



sulphides. SRB clades were generally detected only at relatively low abundances in the most diverse 
bacterial population at 40 m depth, and these bacteria coincided with the sulphur oxidizing 
epsilonproteobacteria. Thus, the results indicate that an active sulphur cycle is present at this depth. 
Chemical investigations indicated that sulphate reduction occurs in the anoxic parts of the pit. While 
the bacterial community reveals only low abundances of SRB in these parts of the N pit, it is, 
however, possible that a small but efficient population of SRB is responsible for the formation of Fe 
sulphides (Räisänen et al. 2015). 

The high abundance of the iron oxidizing Gallionellales bacteria in the Z pit water strongly supports a 
biological iron oxidation process where iron is precipitated as Fe oxyhydroxides. In the oxygenated 
water from 1 to 30 m depth resultant Fe3+ may be reduced to Fe2+ by Burkholderiales bacteria, thus 
maintaining an iron reduction/oxidation cycle. The high diversity of bacterial groups present in the Z 
pit sediment indicates that the pit has not been influenced by anthropogenic organic carbon additions, 
as there is not a predominance of fermenting bacteria. 

Water remediation mechanisms in the N and Z pits 

Boundary conditions for biological sulphate reduction in the bottom water layer of the mine pit are 
characterized by anoxic water conditions, organic substrate, and SO4

2- (Lu 2004, Vestola & Mroueh 
2008). Other recommended parameters are pH >5.5, Eh (redox) potential <-100 mV (García et al. 
2001), and temperature >6 °C (Vestola and Mroueh 2008). When observing the Hammaslahti N pit 
(which has been the project site for biologic sulphate reduction) the bottom water was clearly anoxic 
in March, and almost completely anoxic in September, indicating suitable conditions for SRB. 
However, the observed redox-potentials were rather high for biologic sulphate reduction. SRB have 
the ability to generate negative potentials (Sheoran et al. 2010), but this has not happened during the 
15 years of treatment in the N pit. However, SRB can also perform successfully under positive Eh 
conditions when anoxic, reducing "pockets" in organic substrate exist (Sheoran et al. 2010). It is very 
possible that these pockets are found in the deepest water, just above the bottom sediments, although 
microbiological sampling found only minimal SRB in the sediments (Räisänen et al. 2015).  

In the N pit, the redox potential ranged from -58 mV to 0 mV when measured with Ag/AgCl electrode, 
equivalent to values between +140 mV and 200 mV (SHE). According to Glasby & Schultz (1999) 
FeS2 tends to dissociate to Fe2+ and SO4 under these conditions. Furthermore, SRB groups coincided 
with sulphur oxidizing epsilonproteobacteria that resulted in an active sulphur cycle and moderately 
high solubility of sulphate in deep waters. These findings suggest that FeS2 may be unstable, 
especially during the summer when overturn can increase redox potential. On the other hand, the low 
water temperature (<+6 °C) and slightly unfavourable redox potential (>-100 mV) are obvious reasons 
for a great decrease in SRB activity. Nevertheless, biologic sulphate reduction seems to be more active 
than the dissolution of FeS2, as concentrations of SO4 and Fe have clearly decreased during the 
treatment (Räisänen et al. 2015). Improvements to the N pit biological treatment can most likely be 
achieved by the addition of organic substrate in the future to promote the development of the sulphate 
reducing bacterial community. One possibility would also be to introduce more cold-tolerant bacteria 
to the pit.  

In the Z pit, the source for excellent buffering capacity (i.e. alkalinity) is obviously carbonate 
weathering followed by sulphide oxidation of pit walls (Räisänen et al. 2015). That explains additional 
release of soluble Ca in deep waters (See tab. 2). However, crystalline gypsum (CaSO4×2H2O) was 
identified from the bottom sediments (Räisänen et al. 2015). The precipitation of gypsum is one of the 
main neutralizers of acidity. According to Räisänen et al. (2015), the bottom sediments were rich in Fe 
oxyhydroxides but no Fe sulphides was identified. This suggests that sulphate is first fixed with Fe 
oxyhydroxides, forming schwertmannite and/or ferrihydrite, which then transforms into crystalline 
goethite in deep waters and/or bottom sediments (Bigham et al. 1992, Kumpulainen et al. 2007, 
Sánchez-España et al. 2011). The transformation includes dissolution of sulphate and it can contribute 
to pH-buffering (Nordstrom & Alpers 1999). According to Bigham et al. (1992), the precipitation of 
Fe oxyhydroxides controls the formation of Fe sulphides. The above findings can explain the excess 
sulphur in relation to Ca and Fe in deeper waters. Furthermore, the abundance of soluble Mn may have 
restricted Fe sulphide formation in slightly acidic and reducing waters (Bigham et al. 1992, Kerrick & 
Horner 1998). 
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Conclusions 

This study revealed marked differences in physical, chemical and biological contents of the waters in 
two open pits (N, Z) in the closed Hammaslahti Cu-Zn-Au mine. Bacterial communities in the N and 
Z pits were very diverse and distinct from each other. These findings indicate that there is no adit 
connection between the N and Z pits.  

The physical and chemical quality of the surface water above 5 m in both pits was better than that of 
the mid and deep waters. An oxygen deficit occurred below 20 m in the N pit and below 30 m in the Z 
pit in spring as well as in autumn. Deep waters and bottom sediments of both pits were characterized 
by year-round slightly reducing and pH≥5.5 conditions. 

In the oxygenated waters of both pits, the sulphur reducing and iron oxidizing Burkholderiales bacteria 
were common, whereas the deep water and bottom sediments contain a small but efficient population 
of sulphate reducing bacteria (SRB). Overall, it can be concluded that the sulphate reducing bacteria 
addition together with organic carbon feed (pig mature, wood chips) has promoted Fe sulphide 
formation in the Hammaslahti mine N pit. In contrast to waters of the Z pit, the oxygenated water of 
the N pit showed acidification, most perceptibly, as a result of spring overturns. Unfortunately, the pH 
of the system has not increased to neutral, possibly due to insufficient activity or abundance of SRB. 
Indeed, very low amounts of SRB were detected from the sediments and waters during sampling. This 
is most likely due to the low temperature of the N pit waters. Furthermore, the rocks in the N pit, in 
contrast to the Z pit, do not bear carbonate minerals and such silicates that can increase buffering 
capacity via weathering. One possibility to improve the N pit biological treatment would be to 
introduce more cold-tolerant sulphate reducing bacteria to the pit. 

In the Z pit, Fe and SO4 were mostly precipitated as Fe oxyhydroxides, and the mineralogy of the 
bottom sediments did not reveal the occurrence of Fe sulphides, despite the fact that the S results 
revealed some soluble sulphide in waters. However, it is expected that crystalline goethite and other 
ferrihydroxides adsorbed trace metals, and therefore the retention rate for Zn and other metals was 
quite good. However, the formation of Fe oxyhydroxides, as well as the buffering reactions resulting 
from carbonate weathering, increases the solubility of base cations (Ca2+, Mg2+, K+, Na+) and sulphate. 
Therefore the discharge from the Z pit is characterized by elements that increase the water salinity but 
not the content of trace metals downstream. 
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