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Abstract
Assessing the environmental impacts of underground mines requires that the mine water sources and the geochemical processes 
that alter their chemical composition be determined. At the Kittilä underground mine, located near the village of Kiistala in 
Finnish Lapland, we used chemical and water isotope composition to investigate the contribution of surface and deep water 
to the mine complex and the source of mine water chlorinity. 39 water samples were collected from surface facilities, rivers, 
groundwater sources, seeps and drill holes. Four types of water were identified based on chemical composition: a surficial Ca–
Mg–HCO3-type water with low total dissolved solid (TDS) concentrations represented by river and ground waters; a shallow 
Ca–SO4-type groundwater represented by seeps, also called ‘mine water’; a deep Na–Cl ±  SO4-type groundwater sampled from 
drill holes; and a deep high-Cl brine with a high deuterium enrichment, also collected from drill holes. Water samples from 
ponds and underground pumping stations highlight three different mixing processes between the: surficial meteoric low-TDS 
Ca-Mg-HCO3-type water and the mine water; mine water and the deep Na–Cl ±  SO4-type groundwater and, to a lesser extent; 
surficial Ca–Mg–HCO3-type water and the deep Na–Cl ±  SO4-type groundwater. In contrast, no evidence of mixing involving 
the deep high-Cl brines was identified, suggesting that it remains mostly isolated from the other water types. The hydrogen and 
oxygen isotope composition of the surficial Ca–Mg–HCO3-type water and the deep Na–Cl ±  SO4-type groundwater, together 
with chemical evidence of mixing, suggests a possible genetic link between the two endmembers. This is consistent with the 
presence of the Kiistala shear zone facilitating infiltration by shallow meteoric water into the underlying rock mass and min-
eralized zone. The negative deuterium excess of the mine water concurrent to sulfate enrichment indicates that it forms from 
the mixing of surficial Ca–Mg–HCO3-type water and deep Na–Cl ±  SO4-type groundwater that evolved through evaporation 
and sulfide oxidation. A mixing ratio of 80% of the surficial Ca–Mg–HCO3-type water and 20% of the deep Na–Cl ±  SO4-type 
groundwater best explains the Cl concentration of the mine water. The linear relationship between the sulfate concentrations 
of the mine waters and its isotopic deviation from the Global Meteoric Water Line suggests a correlation between evaporation 
and sulfide oxidation at Kittilä, which could represent a new tool for the assessment of water–rock reactions.
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Introduction

Management of water quality is a major challenge dur-
ing mine operations and after closure. The quality of any 
groundwater and surface water leaving a mine site is subject 

to stringent and enforceable standards. Therefore, better 
knowledge of the processes that control the chemistry of 
mine waters enables long-term water management planning 
to avoid regulatory infractions.

Underground mines are especially complex systems as 
they usually involve several sources of water to the mine, 
including surface water, groundwater, seepage from overly-
ing active pits or pit lakes, coupled with chemical weath-
ering involving highly reactive rocks from exposed tunnel 
surfaces or backfilled rocks. Thus, mine water is not imme-
diately derived from precipitation or from rapid and direct 
infiltration (Douglas et al. 2000; Gammons et al. 2006; 
Walton-Day and Poeter 2009) but results from the interplay 
of several geochemical processes.
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Due to the conservative nature of the stable isotope com-
position of water within an aquifer, water isotopes can be 
used to trace water origin. Except when exposed to tempera-
tures > 60–80 °C (D’amore and Panichi 1985), groundwater 
retains its initial isotopic composition for thousands of years. 
Therefore, when two isotopically distinct water sources mix 
into a common pool, isotopes can be used to quantify the 
contribution of each initial source through mass balance cal-
culation (Faure and Mensing 2005). Several processes, how-
ever, can produce isotopic fractionation. High evaporation 
rates in tailing ponds produce large isotopic fractionation 
(Gammons et al. 2006), but the extent of this mechanism in 
underground environments is unclear due to high humidity 
levels (Ersek et al. 2018). Water–rock reactions can also pro-
duce isotopic fractionation when associated with either high 
temperatures (Bowers and Taylor 1985) or low-temperatures 
and high rock/water ratios (Clark and Fritz 2013; Warr et al. 
2021) (Fig. 1); however, those conditions are unlikely to 
prevail in chemical weathering related to underground min-
ing activities. Few studies have analyzed water isotopes in 
underground mine waters and of those that have, several 
focused on a single site (Gammons et al. 2006, 2009, 2010; 
Pellicori et al. 2005). Expanding the water isotope dataset 
of underground mines allows a better understanding of how 
they can be used to track water sources and geochemical 
processes.

The Kittilä underground mine is developed within a 
mafic metavolcanics rock formation (the Kittilä Group), 
along the Kiistala shear zone trending N-S to NNE-SSW. 
The occurrence of pervasively fractured rocks within the 
shear zone could affect the hydraulic connection between the 
mine complex, the surface waters, and deep saline forma-
tion waters previously identified in the Fennoscandian Shield 
(Kietäväinen et al. 2013; Nurmi et al. 1988). In 2016, the 
Geological Survey of Finland used the water (H and O), Sr, 

and S-SO4 isotope and chemical compositions of the Kittilä 
underground mine waters to identify five potential sources of 
water reporting to the mine complex: surface water derived 
from the nearby Seurujoki River, meteoric groundwater 
either affected or not by mining activity, process water, and 
deep saline formation water (Papp et al. 2018). Using quali-
tative interpretation of water endmembers combined with 
a quantitative isotope mixing model, the authors suggested 
that most underground mine dewatering water was of mete-
oric groundwater origin, but that there were also influences 
from both the Seurujoki River and the deep saline formation 
water. To better characterize the water sources and refine the 
mixing models, the influence of geochemical processes on 
the isotopic signature must be assessed, as they could also 
cause the variation of water isotopic composition shown in 
Fig. 1.

Here, we report the chemical and isotopic (H and O) com-
position for a large set of water samples and compare the 
data with isotopic fractionation models. Our objectives were 
specifically to assess the connection of the mine complex 
with surface waters and the source of mine water chlorin-
ity. Our results show how the combination of water chemis-
try and isotopic data in an underground mine environment 
allows the characterization of water endmembers, their con-
tribution to the mine water, and the geochemical processes 
that control their composition.

Mine Site and Geologic Settings

The Kittilä mine (also known as the Suurikuusikko mine) 
is a gold mine 36 km north-east of Kittilä, in the Lapland 
County of Finland. The mine has operated since 2008 and 
consists of two open pits and an underground mining opera-
tion that uses both transverse and longitudinal long-hole 
stoping methods. Since the closure of open pit mining in 
2012, the Kittilä mine has been an underground operation 
only.

The main bedrock lithology at Kittilä consists of the ca 
2.0 Ga Kittilä Group rocks (Luukas et al. 2017), which is 
part of the volcano-sedimentary succession of the Paleopro-
terozoic Central Lapland Greenstone Belt of northern Fin-
land. It is 6–9 km thick over > 2600  km2 (Hanski and Huhma 
2005) and consists of Fe- to Mg-tholeiitic basalts, plagio-
clase porphyry felsic intrusions, banded iron formations, 
and metasedimentary packages including metagreywackes, 
phyllites, and graphite- to sulphide-bearing schists. Sulfide 
minerals, mainly pyrite and arsenopyrite, are generally pre-
sent throughout the different lithologies, although the BIF 
contains the largest proportion of pyrite (up to 91%).

The supracrustal rocks in the Kittilä Group have been 
divided into four formations (Lehtonen et al. 1998). The 
Porkonen Formation where the Kittilä mine is located 

Fig. 1  Geochemical processes affecting the hydrogen and oxygen 
isotope composition of water (Clark and Fritz 2013). The Global 
Meteoric Water Line (GMWL) describes the global annual average 
relationship between hydrogen and oxygen isotope ratios in natural 
meteoric waters (Craig 1961)
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is a transitional zone between the Kautoselka and Ves-
majarvi formations and comprises mafic tuffs, graphitic 
metasedimentary rocks, black chert, and banded iron 
formation (BIF) (Fig. 2). It varies in thickness between 
50 and 200 m and is characterized by strong heteroge-
neous penetrative strain, narrow shear zones, breccia 
zones, and intense hydrothermal alteration (carbonate-
albite-sulfide). The metamorphic grade is greenschist 
facies, accompanied by carbonate, chlorite, sericite, 
and albite alteration, especially along the Kiistala and 
Sirkka shear zones (Hölttä et al. 2007). The ore deposit is 
hosted within the Kiistala shear zone, which is the main 
regional feature locally trending N-S to NNE-SSW. The 
ore lenses are located predominantly within a strongly 
sheared envelope, where the rock is pervasively fractured 
down to 100–200 m of depth.

At surface, the bedrock is covered by a thin (2–7 m 
thick) veneer of mixed glacial tills, which is overlain by 
a wetland peat habitat (1–2 m thick) in the lower lying 
areas. Where peats and silts are absent, the overburden 
allows rapid recharge of water into the shallow ground-
water system, especially following the spring snow melt 
and after significant precipitation events. Weathered 
bedrock occurs to a depth of about 25–30 m and is char-
acterized by increased fracturing and a poor rock-mass 
quality compared with the underlying fresh bedrock. The 
vertical faults within the Kiistala shear zones are the most 
significant hydrogeological features in terms of inflow 
contributions. The dewatering rate for the mine in the 
period 2019–2020 ranged between 650 and 850  m3/hour. 
Dewatering of the mine has induced a downward hydrau-
lic gradient within the shear zone, which is expected to 
increase with time as the mine is deepened and dewatering 
progresses.

Methods

Samples were collected during two sampling campaigns, 
the first performed by the Geological Survey of Finland 
(GTK) in 2015 and the second by SRK Consulting in 2021. 
The 2015 data are published in an open-access GTK work 
report (Papp et al. 2018). For the 2021 SRK campaign, 
the sampling locations were selected to represent a large 
diversity of samples in terms of depth, mine areas (Rimpi, 
Roura, Suuri, research tunnels), and water types (river, 
groundwater, seepage, ponds, pumping station, drill hole; 
supplemental Table S-1). The analysis of major and trace 
element compositions was carried out at Eurofins labora-
tory with atomic emission spectroscopy and inductively 
coupled plasma mass spectrometry. The samples of the deep 
saline formation water were diluted for analysis. Estimated 
uncertainties are of ± 0.1 unit for pH, ± 3% for major cations 
and anions, and ± 5% for trace elements. The oxygen and 
hydrogen isotope composition of water was measured at the 
laboratory of the Geological Survey of Finland (GTK) with 
cavity ring down spectroscopy (CRDS), Picarro L2130-i. 
Vaporized water sample was led into a pressure and temper-
ature controlled optic chamber, where the amounts of oxy-
gen and hydrogen isotopes were measured with an infrared 
laser. Isotope ratios of oxygen and hydrogen are reported 
using the δ notation, which represents as per mil the differ-
ence of the 18O/16O or 2H/1H ratio, R, of the sample with 
the international standard, VSMOW, such that:

Hereafter, the oxygen and hydrogen isotope composition 
are referred to δ18O and δD, where D stands for deuterium, 
2H. The uncertainty of measurement is < 0.1‰ for oxygen 
analysis and < 0.3‰ for hydrogen analysis. The assessment 
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Fig. 2  a Regional geology map 
of the Kittilä mine (agnicoeagle.
com) and b schematic diagram 
of the geology at Kittilä
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of duplicates, field blank, and the ionic balance highlighted 
the quality of the analysis (see supplemental Figs. S-1 to S-3 
in the supporting information).

Results

Chemical Composition

The chemical composition of water samples is presented 
in Piper diagrams as a function of ionic strength and depth 
(Fig. 3a and b). The complete dataset is provided in File S-1 
in supporting information. Four endmembers are identified:

– Ca–Mg–HCO3-type water with low ionic strength, repre-
sented by surface water (i.e. up-stream river and ground-
water)

– Ca–SO4-type groundwater with high ionic strength, also 
called ‘mine water’, represented by seeps at depth rang-
ing from surface to ≈ 600 m

– Na–Cl ±  SO4-type groundwater with moderate ionic 
strength, represented by waters from some drill holes 
below 600 m of depth

– high-Cl brine with a very high ionic strength (Cl concen-
tration up to 60,000 mg/L), represented by waters from 
some of the drill holes below 700 m of depth

Several samples plot between the water endmembers 
identified. Some samples of the groundwater, down-stream 
river, seepage, underground pumping station, and drill 
holes plot between the surficial Ca–Mg–HCO3-type water 
and the mine water. Water samples from the underground 
pumping station and ponds have chemical composition 
between the mine water and the deep Na–Cl ±  SO4-type 
groundwater. Sulphate concentrations of up to 6000 mg/L 
in one of the ponds highlight the dominant contribution of 
mine water. Finally, a few samples from seepage and drill 
hole sources display a chemical composition between the 
deep Na–Cl ±  SO4-type of groundwater and the surficial 
Ca–Mg–HCO3-type water. The 2015 and 2021 samples are 
consistent in terms of water endmembers.

Cross Section

The Kittilä underground mine is developed along the 
Kiistala shear zone trending N-S to NNE-SSW, so it is pos-
sible to represent the chemical composition of water in a 
2D space, Depth vs. Northing. Although the extrapolation 
calculation of the chemical composition between samples 
is driven by the sample distribution, this representation is 
useful in visualizing the spatial variation of water chemis-
try across the mine. Overall, the Cl concentration increases 
from ca. 1 mg/L at surface to 1000 mg/L at depth (Fig. 4a). 
The high-Cl brine with concentrations up to 60,000 mg/L 
occurs abruptly below 800 m depth in the northern section, 
i.e. the RIMPI area. In the 2015 dataset, the high-Cl brine 
was reported at ca. 700 m of depth, i.e. a shallower depth 
than in 2021 (ca. 1000 m), which must be considered in 
the scope of the mine development. The high-Cl brine is 
depleted in  SO4 and enriched in Mn and  H2S (Fig. 4b, c, and 
d). In the mine waters (Ca–SO4-type) collected from seep-
age and pumping stations between 100 and 600 m of depth, 
the high sulfate concentrations are strongly correlated with 
Mn (Fig. 4d). The saturation index for gypsum and calcite 
shows that the mine water is at equilibrium with calcite and 
gypsum, whereas the surficial Ca–Mg–HCO3 water, the deep 
Na–Cl ±  SO4-type groundwater, and the deep high-Cl brine 
are undersaturated (Fig. 4e and f).

Fig. 3  Chemical composition of water samples as a function of ionic 
strength (a) and depth (b). The marker shapes represent different 
types of water sample (see legend). Thin and thick marker edges rep-
resent samples collected in 2015 and 2021, respectively. Missing val-
ues for depth or ionic strength are shown with black markers. In the 
legend, GW and UG stand for groundwater and underground, respec-
tively. For clarity, a simplified version of the relationship between 
sample types and chemical types is shown in the legend
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Oxygen and Hydrogen Water Isotopes

Isotopic Composition

The hydrogen and oxygen isotope composition of the water 
samples are represented in a δD vs δ18O plot as a function 
of Cl and sulfate concentration (File S-1 in supporting infor-
mation and Fig. 5). The sample compositions are compared 
to the Global Meteoric Water Line (GMWL), which bet-
ter fit the data than local meteoric water lines (see Fig. S-4 
in supporting information, Craig 1961). Samples of river, 
groundwater, and deep waters collected from seepage and 
drill hole at < 600 m of depth plot on the GMWL with δ18O 
and δD values ranging from − 15.5 to 14‰ and  − 112 to 
− 102‰, respectively. Among these samples, the river and 
groundwater samples have low Cl and sulfate concentrations 
and correspond to the surficial Ca–Mg–HCO3-type water 
(Fig. 5a and b). The samples from underground drill holes 
have substantial amounts of Cl and sulfate and represent the 
deep Na–Cl ±  SO4-type groundwater.

Three samples show very high enrichment in deute-
rium with δD values ranging from − 85 to − 60‰ (Fig. 5). 

These samples have Cl concentrations up to 60,000 mg/L 
and low sulfate concentrations and correspond to the high-
Cl brine collected at high depth (> 700 m). They form a 
linear trend with the Ca–Mg–HCO3-type water and the 
Na–Cl ±  SO4-type groundwater on the GMWL.

Most waters from underground seepages, pumping sta-
tions, and ponds deviate from the GMWL according to a 
trend corresponding to a negative deuterium excess (Fig. 5). 
They have high sulfate concentrations and moderately high 
Cl concentrations, between the Cl concentration of ca. 
1 mg/L of the surficial Ca–Mg–HCO3-type water and the 
ca. 100 mg/L of the deep Na–Cl ±  SO4-type groundwater 
(Fig. 5a and b). These waters correspond to the shallow 
Ca–SO4-type groundwater, i.e. the mine water. Figure 6 
shows the isotopic distance of samples to the GMWL as a 
function of the sulfate concentration. The isotopic deviation 
is strongly correlated to the sulfate enrichment; the further 
the samples are from the GMWL, the higher their sulfate 
concentrations. The mine water represented by the under-
ground seepages, pumping stations, and ponds shows the 
greatest isotopic fractionation, associated with the highest 
sulfate concentrations, above 1000 mg/L.

Fig. 4  Cl (a), sulfate (b),  H2S (c) and Mn (d) concentration (mg/L) 
and calcite (e) and gypsum (f) saturation index as a function of depth 
and northing along the Kiistala shear zone. Grey lines show the pits 
and underground mine development. The marker shapes represent 
different types of water sample (see legend). Thin and thick marker 

edges represent samples collected in 2015 and 2021, respectively. 
Missing concentration values are shown with black markers. In the 
legend, GW and UG stand for groundwater and underground, respec-
tively. For clarity, a simplified version of the relationship between 
sample types and chemical types is shown in the legend
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Isotopic Fractionation Model

In addition to the isotopic fractionation processes presented 
in Fig. 1, which were considered qualitatively to interpret 
our dataset (see “Discussion” section below), two isotopic 
fractionation processes were evaluated quantitatively. The 
formation of ice from water results in a D and 18O enrich-
ment of the ice (Ersek et al. 2018; Lehmann and Siegent-
haler 1991). The ice endmember has a negative deuterium 

excess compared to the GMWL. Given the monthly average 
temperature at Kittilä < 0 °C from October to April, ice melt-
ing during the spring season could represent a substantial 
input of water with an isotopic signature shifted from the 
GMWL. When water sources mix and the resulting mixture 
does not undergo isotopic fractionation, isotopes can be used 
to quantify the contribution of each initial source using the 
mass balance equation (Faure and Mensing 2005):

An isotopic mixing model was calculated considering the 
surface waters and the water produced by ice melting as the 
two endmembers (Fig. 5). The average isotopic composi-
tion of the surface waters from the 2021 samples (i.e. the 
river and the groundwater) was considered in the calculation, 
that is δD and δ18O values of − 108.3 and − 14.8, respec-
tively. The ice-water isotopic fractionation was taken from 
the study of Lehmann and Siegenthaler (1991) (ΔDice-water 
from + 17 to + 21 and ΔOice-water from + 2.6 to + 2.9‰) so 
that the isotopic signature of the ice endmember ranges 
from − 93 to − 89‰ for δD and − 11.9‰ to 12.2‰ for 
δ18O. During mixing, the δD and δ18O values of the mixture 
increase with the contribution of melted ice; however, the 
model offers little consistency with the data.

Craig (1961) established the relationship between δ18O 
and δD during an evaporation process. This model was 
applied, considering as the initial water body (before any 

�pool =
[

n�source1
]

+ [(1 − n)�source2]

Fig. 5  Hydrogen and oxygen isotope composition of water samples 
as a function of Cl (a) and sulfate (b) concentration compared to the 
GMWL (full line), the evaporation model of Craig (1961) (dashed 
line), the evaporation model of Gonfiantini (1986) (grey lines) and a 
mixing model between melted ice and water (Lehmann and Siegent-
haler 1991) (orange lines). The values referred as f, h and m represent 
the evaporation rate (%), the relative humidity (%), and the mixing 
fraction of melted ice (%), respectively. The marker shapes represent 
different types of water sample (see legend). Thin and thick marker 
edges represent samples collected in 2015 and 2021, respectively. 
In the legend, GW and UG stand for groundwater and underground, 
respectively. For clarity, a simplified version of the relationship 
between sample types and chemical types is shown in the legend

Fig. 6  Distance of water isotope composition from the Global Mete-
oric Water Line as a function of sulfate concentrations. The marker 
shapes represent different types of water sample (see legend). Thin 
and thick marker edges represent samples collected in 2015 and 2021, 
respectively. The distance of water isotope composition from the 
GMWL is calculated as a hypotenuse perpendicular to the GMWL 
and passing through the data point. Applying Pythagorean theorem: 
d =

√

(x
2
− x

1
)
2
+ (y

2
− y

1
)
2 with  x2 and  x1 the δ18O values of the 

side opposite to angle A and  y1 and  y2 the δD values of the side adja-
cent to angle A with angle A being tangent to the GMWL
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evaporation) the average isotopic composition of the surface 
waters from the 2021 samples (Fig. 5). Compared to the 
GMWL, evaporation results in a negative deuterium excess 
that follows the same isotopic trend as the one displayed by 
the mine waters.

Gonfiantini (1986) developed a refined evaporation model 
that allows determination of the isotopic composition of an 
evaporated water body as a function of the evaporation rate 
and the relative humidity. Deviation of the isotopic compo-
sition from the GMWL increases with increasing evapora-
tion rate and decreasing relative humidity (Fig. 5). The mine 
waters are consistent with an evaporation rate ranging from 
0 to 10% at a relative humidity of 70–80%.

Discussion

Water Endmembers and Mixing

Four water endmembers were identified based on their 
chemical and isotopic compositions, depth, and sample type: 
surficial Ca–Mg–HCO3-type water; shallow Ca–SO4-type 
groundwater, also called mine water, deep Na–Cl ±  SO4-type 
groundwater, and deep high-Cl brine. The correlation 
between the Mn and sulfate concentrations in the mine water 
supports the oxidative dissolution of polymetallic sulfides as 
the main source of sulfate. The high mineralization results 
in equilibrium with calcite and gypsum, the precipitation of 
which controls the Ca and sulfate composition of the mine 
waters.

The density of samples with chemical compositions 
between the identified water endmembers highlights the 
mixing processes. Samples from mine groundwater, down-
stream river, some seepages, and some pumping stations 
clearly show mixing between the surficial Ca–Mg–HCO3-
type water and the mine water. Waters from the pumping 
stations and ponds also highlight mixing between the mine 
water and the deep Na–Cl ±  SO4-type groundwater. To a 
lesser extent, a few seepage and drill hole samples likely 
indicate mixing between the surficial Ca–Mg–HCO3-type 
water and the deep Na–Cl ±  SO4-type groundwater. This lat-
ter mixing is consistent with the Kiistala shear zone hydro-
geological properties, which likely enables infiltration of the 
surface water to depth. Furthermore, the isotopic composi-
tion of the surficial Ca–Mg–HCO3-type water and the deep 
Na–Cl ±  SO4-type groundwaters are relatively similar and 
are both consistent with the GMWL; this supports a possi-
ble connection between the two water reservoirs. If correct, 
the deep Na–Cl ±  SO4-type groundwater may have derived 
from the surficial Ca–Mg–HCO3-type water and may evolve 
into a more mineralized Na–Cl ±  SO4-type groundwater 
along the infiltration flow path, while keeping a relatively 
constant isotopic composition. The sulfate enrichment of 

the deep Na–Cl ±  SO4-type groundwater compared to the 
surficial Ca–Mg–HCO3-type water is consistent with the 
oxidation of polymetallic sulfide during infiltration. Age 
dating would bring further constraints on the connection 
between the surficial Ca–Mg–HCO3-type water and the deep 
Na–Cl ±  SO4-type groundwater.

Origin of the Deep High‑Cl Brine

Our isotopic data does not show any evidence of mixing 
between the deep high-Cl brine with D enrichment and the 
mine water (i.e. shallow Ca–SO4-type groundwater); how-
ever, the linear isotopic trend formed by the deep high-Cl 
brines with the surficial Ca–Mg–HCO3-type water and the 
deep Na–Cl ±  SO4-type groundwater may indicate a mixing 
process. Mixing between local meteoric water and deep deu-
terium-enriched brines was reported for instance in the prin-
cipal Canadian Shield mining camps (Fritz and Frape 1982). 
If this is the case at Kittilä, the rare occurrence of samples 
representing mixing and their high D and Cl enrichments 
highlights a poor connection between the two endmembers.

The deep high-Cl brine was collected at ca. 700 m of 
depth in 2015 and ca.1100 m of depth in 2021. This suggests 
that the brine occurs in isolated pockets of highly miner-
alized ancient water, only occasionally intercepted by the 
operation in the deeper regions of the mine and, therefore it 
does not contribute significantly to the mine water budget. 
This is supported by the high  H2S and high Mn concentra-
tions, which could result from equilibrium of water with 
polymetallic sulfide minerals in a closed reducing environ-
ment. Such deep brine waters, enriched in Cl and deute-
rium, have previously been identified in the Fennoscandian 
Shield (Kietäväinen et al. 2013; Nurmi et al. 1988) and in 
other settings, such as the German continental deep drill 
hole (Lodemann et al. 1998). Their isotopic signatures were 
interpreted as being the result of low-temperature hydration 
of primary silicates where the water–rock ratio is very low 
and spans extended geological time scales (Kietäväinen et al. 
2013; Lodemann et al. 1998). High  H2S concentrations, as 
observed in our samples, could also produce an increase 
of the δD of water through deuterium exchange with water 
(Clark and Fritz 2013). It is likely that the observed isotopic 
signature is the product of both processes.

Mine Water Source and Evolution

Several geochemical processes can produce the negative 
D excess observed in the mine water. Based on the water 
samples collected in 2015, Papp et al. (2021) attributed 
this water isotope composition of the mine water to accel-
erated water–rock reactions or to fractionation that occurs 
during the mineral beneficiation process, related to flota-
tion. As reported in Fig. 1, several geochemical processes 
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can lead to the fractionation of water isotopes. At tem-
perature above 200 °C, water–rock reactions result in 18O 
exchange between 18O-depleted water and 18O-enriched 
minerals whereas the deuterium content of the thermal 
water remains unchanged due to the low hydrogen con-
tent of the rock-forming minerals (e.g. Bowers and Taylor 
1985). In sedimentary formations, 18O and D enrichment 
can also result from a combination of processes including 
18O exchange with carbonate minerals at high temperature 
(Clayton et al. 1966), deuterium exchange with hydrocar-
bons,  H2S, and hydrated minerals, dewatering of clays dur-
ing compaction, hydration of anhydrite (Bath et al. 1987), 
and hyperfiltration in low permeability formation (Phillips 
and Bentley 1987). Oxygen exchange between sulfate and 
 H2O is another possible process known to occur rapidly at 
temperatures above 200 °C; however, its half-life increases 
exponentially below 150 °C to reach > 10 Myrs at normal 
groundwater temperature (Chiba and Sakai 1985). None 
of these processes is consistent with the mafic metavol-
canic rocks at Kittilä, nor with the low temperatures of ca. 
10 °C in the underground mine (see Fig. S-5 in supporting 
information). The isotopic data is not consistent with an 
input of water produced by ice melting with a negative 
deuterium-excess, as has been observed in cave drip waters 
(Ersek et al. 2018).

Instead, the isotopic composition of the mine water is 
best explained by an evaporative process. The effect of 
evaporation on mine waters has been previously reported 
and used to quantify the evaporation rate of Pit Lake and 
tailing ponds with relatively high evaporation rate from 12 
to 60% (Gammons et al. 2006, 2009, 2010, 2013; Pellicori 
et al. 2005; Singh et al. 2018). These evaporation rates that 
occur on open waters are much higher than those inferred 
from our isotopic dataset in the Kittilä underground mine. 
Our study indicates a low evaporation rate of 0–10% at 
a high relative humidity of 70–80%, which is consistent 
with previous studies in underground environments (e.g. 
Ersek et al. 2018). Gammons et al. (2006) showed that 
the intersection of the mine water evaporation trend with 
the GMWL can be used to calculate the average water 
isotope composition of the recharge water to the mine 
complex. At the Kittilä underground mine, the recharge 
water isotope signature is consistent with both the surficial 
Ca–Mg–HCO3-type water and the deep Na–Cl ±  SO4-type 
groundwater, as these two water endmembers have a simi-
lar isotopic composition. Whilst the isotope dataset does 
not allow us to assess the contribution of each of the water 
sources to the mine complex, it is enough to show that the 
mine water derives from one of these two water sources, 
or a combination of both. A more in-depth assessment of 
the contribution of water sources to the mine is provided 
hereafter using a mixing model based on Cl concentration.

Correlation Between Sulfate Concentrations 
and Water Isotopes

Our dataset shows a strong correlation between the sulfate 
concentration of the mine water and its isotopic deviation 
from the GMWL. A possible hypothesis to explain this trend 
is that as water interacts with the rock in the Kittilä under-
ground mine, the evaporation rate and the extent of sulfide 
oxidation progress synchronously. Because evaporation as a 
physical process and sulfide oxidation as a chemical process 
are basically separated, the apparent correlation between 
these two reactions must result from underlying mechanisms 
including pathway of seepages in the fracture network or in 
the underground tunnels. Especially, the correlation could 
result from the operating parameters of the mine ventila-
tion system, which would control both air flow and oxygen 
concentration, i.e. the key parameters for evaporation under-
ground and sulfide oxidation, respectively. If correct, this 
would indicate that evaporation does not occur in between 
the water source and its infiltration to the mine. This would 
also suggest that sulfide oxidation occurs in the open mine 
workings rather than in water-filled fractures where evapora-
tion could not proceed.

An alternative explanation to the correlation between the 
sulfate enrichment and the water isotope deviation in the 
mine water is mixing between the surface water and a hypo-
thetical mine water endmember characterized by high rates 
of evaporation and sulfide oxidation. However, this hypothe-
sis is difficult to reconcile with the spatial distribution of the 
mine water samples (i.e. seep samples mostly; Fig. 4). More-
over, the formation of the mine water endmember through a 
reaction pathway involving increased evaporation and sulfide 
oxidation rates would produce intermediate degrees of less 
evolved mine water along the way, which is equivalent to our 
first hypothesis. Following Occam’s razor principle that the 
explanation that requires the fewest assumptions is the most 
likely, we propose that our data are best explained by the 
synchronous evolution of evaporation and sulfide oxidation 
in the Kittilä underground mine.

Deeper investigations of the underlying mechanisms are 
necessary to confirm the apparent physico-chemical correla-
tion between evaporation and sulfide oxidation at Kittilä. If 
confirmed, the relationship between the two processes opens 
the way to a new use of water isotopes as a geochemical 
tracer. Especially, changes in the correlation between water 
isotopes and sulfate concentration at Kittilä could be used 
to assess the efficiency of measures taken to avoid contact 
of mine water inflows with oxygen.

Mine Water Balance

Our results are consistent with the study of Papp et al. (2021) 
in the identification of the different water sources to the 
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mine. Those authors suggested that most of the underground 
mine dewatering water was of meteoric groundwater origin, 
but that there were influences of the Seurujoki River and 
deep saline formation water as well. Our isotopic dataset 
does not allow us to quantify the relative contribution of 
these water sources because of the similar isotopic composi-
tion between the groundwater and river water. Therefore, Cl 
was used as a conservative tracer to develop mixing mod-
els between the water endmembers. Two mixing scenarios 
can explain the Cl concentrations of the mine water: (1) a 
mixing of surficial Ca–Mg–HCO3-type water with deep 
Na–Cl ±  SO4-type groundwater or (2) a mixing of surficial 
Ca–Mg–HCO3-type water with deep high-Cl brine. The 
effect of the evaporation rate is negligible in these calcula-
tions. In the first mixing scenario, the contribution of the 
deep Na–Cl ±  SO4-type groundwater to the mine water is ca. 
25 ± 5%, whereas in the second scenario, the contribution 
of the deep high-Cl brine is 0.05 ± 0.01%. These conserva-
tive mixing models confirm the poor connection of the deep 
high-Cl brine with the other water endmembers. Although 
the second mixing scenario cannot be ruled out based on 
our dataset, the very low mixing ratio that it implies makes 
it unlikely. Therefore, the surficial Ca–Mg–HCO3-type water 
and the deep Na–Cl ±  SO4-type groundwater appear to be 
the main sources of water in the Kittilä underground mine, 
whereas the deep high-Cl brine remains relatively isolated. 
The dominant contribution of the surficial Ca–Mg–HCO3-
type water is consistent with the downward hydraulic gra-
dient within the Kiistala shear zone that results from the 
mine dewatering. The systematic occurrence of deep high-Cl 
brines in the deepest part of the mine from 2015 to 2021 
suggests that their contribution to the mine water balance 
could increase as the mine is deepened. It could, however, 
be counterbalanced by the increased downward hydraulic 
gradient as mine dewatering keeps progressing.

Conclusion

The chemical and isotopic composition (oxygen and hydro-
gen) of water samples from the Kittilä underground mine 
was analyzed to constrain the water sources and their contri-
butions to the mine. Four water endmembers were identified: 

– A surficial Ca–Mg–HCO3-type water represented by 
river and ground waters.

– A shallow Ca–SO4-type groundwater captured in seep-
ages also called mine waters.

– A deep Na–Cl ±  SO4-type groundwater collected from 
drill holes.

– A deep high-Cl brine collected from drill holes with a 
high deuterium anomaly.

Water samples from ponds and underground pumping 
stations highlight substantial mixing between: the surficial 
Ca–Mg–HCO3-type water and the mine water; the mine 
water and the deep Na–Cl ±  SO4-type groundwater; and 
possibly between the surficial Ca–Mg–HCO3-type water 
and the deep Na–Cl ±  SO4-type groundwater.

The similar isotopic composition of the deep 
Na–Cl ±  SO4-type groundwater and the surficial 
Ca–Mg–HCO3-type water, together with chemical evi-
dence of mixing, suggest a genetic link between the two 
endmembers on a geologic time scale, i.e. not related 
to mining activities. The Kiistala shear zone may have 
facilitated infiltration of surface water to depths where it 
was enriched in sulfate through sulfide oxidation along its 
path through the bedrock, whereas the isotopic composi-
tion remained unchanged, i.e. on the GMWL. Our isotopic 
dataset does not allow us to determine the relative con-
tributions of groundwater and river water to the surficial 
Ca–Mg–HCO3-type water due to their similar isotopic 
compositions.

Deviation of the water isotope composition of the 
mine water away from the GMWL in parallel to sulfate 
enrichment suggests that the mine water is derived from 
a mixture of surficial Ca–Mg–HCO3-type water and deep 
Na–Cl ±  SO4-type groundwater that evolved through 
evaporation and sulfide oxidation. The linear relationship 
between the sulfate concentration and the negative deute-
rium excess of the mine water could indicate that evapora-
tion and sulfide oxidation occur concurrently. Although a 
deeper investigation of underlying mechanisms is required, 
this apparent physico-chemical correlation, if correct, sug-
gests that water isotopes could represent a new tool to 
assess the efficiency of measures taken to avoid contact of 
mine water inflows with oxygen.

A mixing ratio of 75% of surficial Ca–Mg–HCO3-type 
water and 25% of deep Na–Cl ±  SO4-type groundwater 
best explains the Cl concentration of the mine water, 
which is consistent with the downward hydraulic gradi-
ent within the shear zone. On the other hand, the deep 
high Cl-brines enriched in deuterium are poorly connected 
with the other water endmembers. Despite the large deute-
rium enrichment of the deep high-Cl brine, which would 
allow us to distinguish even low mixing ratios, the isotopic 
data does not show any evidence of mixing with the mine 
water. In addition, if the brines were to be involved as a 
water source to the mine, an unlikely ratio of 99.95% of 
surface water and 0.05% of deep high-Cl brines would be 
required to explain the Cl concentration of the mine water. 
Although the deep high-Cl brines are currently poorly con-
nected to the mine, its systematic occurrence at depth in 
2015 and 2021 suggests that further deepening of the mine 
could increase its contribution to the mine water budget.
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