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Abstract
A combination of thermal infrared (TIR) images captured by uncrewed aircraft systems (UASs) and manual geophysical 
measurements with a GEM-2 device were used to better plan a water sampling campaign at an abandoned Au-Cu mine and 
an active Ni-Cu-PGE mine in the sub-arctic boreal zone in northern Finland. Anomalies from the TIR images and GEM-2 
conductivity values were used to focus the water sampling. The hydrogeochemistry and isotopic compositions of oxygen 
(δ18O), hydrogen (δ2H), strontium (87Sr/86Sr), and sulfur (δ34S) were analyzed to better understand the flow regime of pos-
sible effluent waters at these mine sites. The TIR images were useful in pinpointing sites where groundwater and surface 
water were potentially interacting. This was confirmed with the oxygen and hydrogen isotopic data. Isotopic values for the 
two groundwater solutes used here (Sr and S), reflected the local geology and the biogeochemical environment at the mine 
sites. The electrical conductivity values obtained from the GEM-2 measurements were influenced by the local geochemistry, 
particularly the presence of conductive sulfide-bearing paraschist rock. The anomalies from the UAS-TIR and GEM-2 data 
revealed sampling sites well suited for tracking potential effluent waters at the two mine sites.
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Introduction

Sustainable mining focuses on avoiding harmful effects on 
the environment in each step of the mine life cycle from 
prospecting to mine closure and long-term rehabilitation and 
monitoring. Therefore, widespread monitoring and multi-
ple techniques are used to monitor the effluent flow paths 
(Banerjee et al. 2015; Larkins et al. 2018; Turunen et al. 
2020). Traditionally this is done by water sampling in situ, 
but because the mine sites typically cover vast areas, the 
development of remote sensing methods and sensor-based 
online monitoring offers novel prospects to mine monitor-
ing (Almeida et al. 2022; Choe et al. 2008; Isokangas et al. 
2019; Karan et al. 2016; McKenna et al. 2020; Minh and 
Dung 2023; Rauhala et al. 2017; Sares et al. 2004; Swayze 
et al. 2000; Winkelmann et al. 2001).

When the aim is to understand the impact of mining 
waters to a watershed, one important factor is the water 
flow paths in the mining area. Information about hydrologi-
cal processes and groundwater surface water interaction 
can be explored with temperature anomalies (Andersson 

 *	 Juuso Ikonen 
	 juuso.ikonen@gtk.fi

1	 Geological Survey of Finland, Water and Mining 
Environment Solutions, Vuorimiehentie 5, 02150 Espoo, 
Finland

2	 Civil Engineering, University of Oulu, P.O. Box 4200, 
90014 Oulu, Finland

3	 Water, Energy and Environmental Engineering, University 
of Oulu, P.O. Box 4300, 90014 Oulu, Finland

4	 Department of Geographical and Historical Studies, 
University of Eastern Finland, 80101 Joensuu, Finland

5	 Geological Survey of Finland, Environmental Solutions, 
Lähteentie 2, 96100 Rovaniemi, Finland

6	 Geological Survey of Finland, Geophysical Solutions, 
Viestikatu 7 A, PL 1237, 70211 Kuopio, Finland

http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-024-01020-1&domain=pdf
http://orcid.org/0000-0002-7935-4631
http://orcid.org/0000-0003-4566-4057
http://orcid.org/0000-0001-7551-3060
http://orcid.org/0000-0002-0880-6274
http://orcid.org/0000-0002-2716-7420
http://orcid.org/0009-0005-9956-6016


	 Mine Water and the Environment

2005; Isokangas et al. 2019; Rautio et al. 2018), especially 
in the late summer when surface water temperatures differ 
the most with groundwater temperatures in boreal environ-
ments (Anderson 2005). In a large mine area, manual tem-
perature measurements are laborious, time-consuming, and 
sometimes difficult. However, by utilizing an uncrewed air-
craft system (UAS) for thermal infrared (TIR) imaging, the 
process becomes feasible and easier to manage, as well as 
minimizing risks to personnel and ensuring secure data col-
lection. Thus, interpreting TIR images is a cost-effective way 
to produce information on a large scale (Rautio et al. 2018).

Combining geophysical survey techniques with the TIR 
data enables further extraction of useful information. Soil 
electrical conductivity (EC) is known to correlate with 
many soil properties (Grisso et al. 2009; Huang et al. 2003; 
McNeill 1980; Witten et al. 1997). GEM-2 is a broadband 
electromagnetic (EM) sensor that is well suited for shallow 
environmental characterization (Won et al. 1996). GEM-2 
measurements have been used in various environmental 
investigations including underground (UXO)-detection, peat 
thickness investigations, and tracking seepage water paths 
in mining environments (Alakangas et al. 2019; Boaga et al. 
2020; Lerssi et al. 2016; Valjus et al. 2017). By integrating 
the TIR orthomosaics with the GEM-2 data and available 
soil maps, illustrative analysis of the possible contaminated 
areas can potentially be made. The combination can indicate 
places where different waters have mixed, which can cause 
changes in EC values. These types of preliminary studies 
have not been published from sub-arctic mine sites previ-
ously. Overall, studies that integrate remote sensing with 
geophysical methods are relatively rare.

Further knowledge on the pathways of surface mine 
waters can be attained by adding the TIR and GEM-2 data 
to the information from the hydrogeochemical and isotopic 
analyses of selected elements from the sampled waters in 
the study area (Isokangas et al 2019; Pellicori et al. 2005). 
Hydrogeochemical indicators have been used for decades to 
verify the observed GW − SW connections (Conant 2001; 
Hayashi and Rosenberry 2002; Hinton et al. 1994; Kendall 
and Coplen 2001; Kenoyer and Anderson 1989; Korkka-
Niemi et al. 2012; Krabbenhoft et al. 1990; Rautio and 
Korkka-Niemi 2015). The use of stable isotopic composi-
tions of hydrogen and oxygen (δ18O, δ2H) has been demon-
strated to be an applicable method in GW − SW interaction 
studies when there is a sufficient differentiation of end mem-
bers (Hinton et al. 1994; Krabbenhoft et al. 1990; Rautio and 
Korkka-Niemi 2015; Rautio et al. 2015).

Environmental isotope compositions from water samples 
are analyzed to track variations due to fractionation by dif-
ferent biological and geochemical processes, or anthropo-
genic factors such as mining, or due to locality, e.g. geol-
ogy. Thus, information on the origin of water, hydrological 

dynamics, or mixing of different water types can be gained. 
With the fractionation that occurs during physical processes, 
the isotopic compositions of hydrogen (2H/1H) and oxy-
gen (18O/16O) enable differentiation between surface- and 
groundwaters during the hydrological cycle (Dansgaard 
1964; Qu et al. 2023). The isotopic compositions of hydro-
gen and oxygen in the Finnish groundwaters are that of the 
mean weighted average composition of the local precipi-
tation (Kortelainen and Karhu 2004). With strontium, the 
isotopic composition (expressed as 87Sr/86Sr) reflects the 
sum of local mineral matter, with negligible fractionation 
by biological or chemical processes (Shand et al. 2009). Iso-
topic composition of sulfur, δ34S, is affected by fractiona-
tions in mass-dependent chemical and microbial processes, 
the main process being bacterial sulfate reduction (BSR; 
Canfield 2001; Faure and Mensing 2005). Unlike strontium, 
sulfur is a non-conservative isotopic tracer. By combining 
the different isotopic compositions to a site-specific hydrol-
ogy, hydrogeochemistry, geochemistry, and geology, it can 
be possible to formulate a conceptual model of the pathways 
and mixing of waters in the study area and gain information 
on the biogeochemical processes along the flow paths. In 
mining areas, isotopes can be used to better understand the 
hydrogeochemical conditions and flow paths of local waters 
(Pellicori et al. 2005; Rautio et al. 2018).

Mining environments require understanding of the geo-
logical complexity of the area. Our objective in this study 
was to improve monitoring of waters in both closed and 
active mining environments to facilitate focusing and opti-
mizing sampling in vast mining areas. To achieve this, we: 1) 
assessed combining remote sensing and geophysical meas-
urements (TIR, GEM-2) in order to help design the water 
quality sampling plan, 2) focused the in-situ sampling on the 
places identified by the combined analysis of TIR images 
and GEM-2 data, and 3) tested the plan with the help of 
hydrogeochemistry and isotopic compositions of H, O, Sr, 
and S from the sampled waters to look at what useful addi-
tional information the use of these isotopes might bring.

Study Sites

The Closed Saattopora Mine

The closed Saattopora mine (67.79° N, 24.41° E) is in the 
Kittilä municipality in northern Finland (Fig. 1). The mine 
operated from 1988 to 1995 and produced gold (Au) and 
copper (Cu). The area is situated in the lowlands of Finn-
ish Lapland’s fell region and the Saattopora mine site is 
≈ 230 to 260 m above sea level. The study site is in the 
Finnish sub-arctic and is mostly covered by boreal forest. 
Based on weather data from 2010–2021, the annual average 
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temperature in Kittilä area (measured at the Kittilä Center) 
is 0.7 °C, and the average precipitation is 577 mm (Finnish 
Meteorological Institute (FMI) 2022). The average evapo-
transpiration was between 200 and 300 mm during the years 
1961–1990 (Solantie and Joukola 2001).

The largest river in the study area, just north of the mine 
area, is the eastward-flowing Levijoki (Fig. 1A), which 
has a total length of 40.6 km and a total runoff area of 
397 km2. Most of the surface water and groundwater run-
off from the mine area ends up in Levijoki. The closest 
lake is Harrilompolo, located ≈ 750 m east of the eastern 
waste rock pile. There is also a small brook, Pittaoja, that 
runs in a north-east direction into the lake Harrilompolo. 
The soil in the area consists of sandy till, sand and gravel 
deposits, peat, and bedrock outcrops. The peatlands are 
mainly Carex-containing bogs, which in the area include 
eutrophic fens to some extent. The thickness of the top 
peat layer of the till ranges between 0–70 cm in the area 
between the waste rock pile B and river Levijoki, being 
thickest near the river, and containing plenty of boulders 
(Alakangas et al. 2019). The overburden was measured by 
soil drilling as 8.5 m thick near the western waste rock pile 
(Alakangas et al. 2019).

The bedrock of the area is defined as belonging to the 
Savukoski group, which is part of the paleoproterozoic 
Central Lapland Greenstone Belt (CLGB). The Savukoski 
group entails fine-grained metasedimentary and pyroclas-
tic rocks, such as graphite-bearing phyllites, black schists, 
tuffs, and tuffites (Lehtonen et al. 1998; Rastas et al. 2001). 
Mafic tuffs and lavas are found in the northern, northeast-
ern, and southwestern parts of the mine area, and phyllites 
and mica schists in the western and southeastern parts. 
Komatites and some intrusive diabase dykes are also pre-
sent. The Saattopora ore deposit contained gold along with 
copper, sulfides (pyrrhotite and pyrite), and U-Th oxides 
(Alakangas et al. 2019). The bedrock in the area is inter-
sected by a long, nearly east–west trending fault zone; the 
weathered bedrock above the solid bedrock is less than 1 m 
thick (Alakangas et al. 2019; Molnar et al. 2019).

A total of 2.12 Mt of Cu-Au ore and 3.7 Mt of waste 
rock was extracted from Saattopora during 1988–1995 and 
the ore was transported elsewhere for processing (Korkalo 
2006). The ore was mined from two open pits (A and B) 
until 1992, after which mining continued underground in 
open pit B (Korvuo 1997). The waste rock was stacked 
into two piles located north of the open pits (Fig. 1A). 
The two piles lay on top of till apart from the northern 

Fig. 1   Overview of the A Saat-
topora and B Kevitsa mine sites 
and their location in Finland 
in the inset (Aerial images: 
National Land Survey of Fin-
land 2023)
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parts of pile B that are partly on top of peat-covered till. 
A settling basin located between the waste rock piles was 
used for dewatering of the open pits. A ditch that was 
excavated to collect seepage waters from waste rock pile 
B is located between the settling basin and the western pile 
(Fig. 1A). The ditch extends from the waste rock area to 
the river Levijoki. According to the mineralogical results, 
the Saattopora waste rock samples are mainly silicate min-
erals, together with carbonates, some oxides, and sulfides 
(Alakangas et al 2019).

The Active Kevitsa Mine

The Kevitsa Ni-Cu-PGE mine (67.69° N, 26.96° E) is in 
central Lapland in the municipality of Sodankylä, ≈ 35 km 
north of the Sodankylä village (Fig. 1). Open pit mining 
started in June 2012 and is expected to continue until 2034 
(Boliden 2022). Based on weather data from 2010–2021, the 
annual average temperature in Sodankylä area (measurement 
point in Sodankylä, Tähtelä) is 0.8 °C and the average pre-
cipitation is 555 mm (FMI 2022). The average evapotranspi-
ration was between 200 and 300 mm in the years 1961–1990 
(Solantie and Joukola 2001).

South of the mine area lies a peatland, Kevitsanaapa, 
which is a partly treeless wet mire with several springs. 
There is a small brook from the tailings pond towards the 
lake Saiveljärvi to the south. The mine area lays mainly on 
top of one watershed with the runoff flowing west towards 
the river Kitinen. The most southern and southeastern parts 
of the mine area belong to a watershed where runoff flows 
towards the east and south (Pöyry 2011).

The mine is situated in the central Lapland ice divide 
zone and the area is defined by vast bog areas alongside 
some separate fells. Glacial erosion in the area has been 
relatively minor, which has resulted in only a few bedrock 
outcrops and noticeable soil thickness (20–30 m) (Manninen 
et al. 1996). Due to the location, elevation differences are 
also relatively small, ranging between 220–310 m above sea 
level in the area (Pietilä et al. 2014). The average soil thick-
ness is 5 m, and it is mainly till (Pöyry 2011). In low-lying 
areas, like Kevitsanaapa, the topmost soil layer is usually 
Carex peat, between 0.2 and 3.4 m thick (Pöyry 2011).

The Kevitsa Ni-Cu-PGE sulfide ore is part of the Kevitsa 
magmatic and mafic–ultramafic intrusion deposit. The intru-
sion consists of a northern ultramafic part and southern gab-
brophyre and gabbro parts (Santaguida et al. 2015). The ore 
is hosted within the ultramafic part and is disseminated in 
sulfide minerals, mainly in olivine-pyroxenite rocks (San-
taguida et al. 2015). The waste rock consists of olivine-
pyroxenites, olivine-websterites, gabbros, and dunites. The 
bedrock further from the deposit contains graphite schists in 
the southern parts of the tailings pond region and the Kevit-
sanaapa area (Santaguida et al. 2015). In places, the surface 

bedrock in the area is fractured and the rock types around the 
intrusion, such as shales and quartzites, are often very frac-
tured (Pöyry 2011). The area is dominated by a northeastern 
compression, which means that the north-east trending frac-
tures may be open and act as water flow paths (Pöyry 2011).

The mine structures include an open pit, waste rock area, 
processing facilities, and a TSF consisting of two separate 
ponds and water-processing systems, including a run-off 
field, settling basin, and water reservoirs (Fig. 1B). Low-
sulfide waste material is stored in the main tailings pond A 
located south of the mine. The sulfide-rich tailings is stored 
separately in pond B, which is located N-E and next to the 
main tailings pond. The study site is in the Kevitsanaapa 
peatland, which is between the TSF and the lake Saiveljärvi, 
south of the mine.

Materials and Methods

UAS Surveys

UAS data was collected at the Saattopora site in the after-
noon of August 26, 2020, in cloudy to overcast conditions. 
The available 10 min weather station data from the Kittilä 
Airport, some 22 km southeast of the Saattopora mine, 
reported air temperatures of 12.0–13.4 °C (mean 12.7 °C). 
The TIR data was captured utilizing a DJI Matrice 210 UAS 
and a DJI Zenmuse XT thermal camera with a 640 × 512 
sensor resolution and a 13 mm lens. A total of 2453 TIR-
images were collected from a flight height of ≈ 1–50 m, cov-
ering an area of ≈ 1.8 km2 (Fig. 2A). RGB imagery was col-
lected utilizing a DJI Phantom 4 RTK UAS equipped with a 
1 inch 20 Mpix sensor and 24 mm (35 mm equivalent) lens. 
The DJI Phantom 4 RTK utilizes two GNSS (global navi-
gation satellite system) receivers and a real-time kinematic 
(RTK) solution to improve the GNSS positioning accuracy 
of the UAS down to a level of few centimeters, compared to 
an accuracy of a few meters obtained with an autonomously 
operating single-frequency GNSS receiver (Tomaštík et al. 
2019). A total of 1550 RGB-images were collected from 
a flight height of ≈ 145 m, covering an area of ≈ 2.4 km2.

At the Kevitsa site, UAS data was collected in the after-
noon of August 17, 2021, in mostly cloudy or overcast con-
ditions. Reported air temperatures at the Sodankylä weather 
station, some 35 km north-northwest from the site, were 
12.3–14.0 °C (mean 13.2 °C) during the flights. The data 
was collected utilizing a DJI Matrice 300 RTK multicopter 
and DJI Zenmuse H20T multisensor payload that includes a 
640 × 512 pixel thermal camera with a 13.5 mm focal length 
and an 1/2.3 inch 12 Mpix wide angle RGB camera with a 
24 mm focal length (35 mm equivalent). A total of 3287 TIR 
images and 3287 RGB images were collected from a flight 
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height of ≈ 240 m, covering areas of ≈ 4.7 km2 (Fig. 2B) 
and ≈ 5.5 km2, respectively.

Both TIR and RGB imagery were processed utilizing 
Agisoft Metashape Professional. The ground sampling dis-
tances (GSD) for the resulting TIR and RGB orthomosa-
ics for the Saattopora site were ≈ 18.7 cm and ≈ 3.7 cm, 
respectively. Corresponding GSDs for the Kevitsa site were 
≈ 20.6 cm and ≈ 7.8 cm. The georeferencing of the TIR 
orthomosaics were improved manually in ESRI ArcGIS 10.7 
with the help of the more accurate RGB orthomosaics.

The TIR data was processed as a grayscale mosaic having 
brightness values (BV) of 0–255. The use of such relative 

temperature rather than specific (absolute) temperature 
allows mapping potential temperature anomalies but does 
not require sensor calibration and correction of local air 
temperature, relative humidity, reflective temperature, etc. 
A similar method has been utilized by multiple hydrological 
studies (Autio et al. 2023; Dugdale et al. 2019; Glaser et al. 
2018; Isokangas et al. 2019). The dataset was then analyzed 
by visual inspection to locate cold spots indicating poten-
tial locations of groundwater seepage. This information was 
further studied along with the GEM-2 results and a prelimi-
nary sampling plan was created. In this preliminary analysis 
combining the TIR imagery and GEM-2 data, the anomalies 

Fig. 2   Thermal infrared (TIR) coverage, GEM-2 survey lines, and water sampling locations at the A Saattopora and B Kevitsa sites
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were classified as having only a temperature anomaly, or 
as having a temperature anomaly and an electro-magnetic 
anomaly (EC anomaly) due to mineralization, or possible 
locations of contaminated seepage waters.

GEM‑2 Surveys

The GEM-2 is a hand-held, digital, multi-frequency electro-
magnetic sensor. The current iteration of the sensor operates 
over a frequency range of ≈ 300 Hz to 93,000 Hz and can 
transmit an arbitrary waveform containing multiple frequen-
cies. Three to five simultaneous measuring frequencies are 
recommended, enough to get the necessary information from 
different depths corresponding to those frequencies (Yaccup 
and Brabham 2012). The unit uses the pulse-width modula-
tion technique to transmit and receive any digitally synthe-
sized waveform (Huang et al. 2003; Witten et al. 1997; Won 
et al. 1996). GEM-2 has a separation of 1.66 m between the 
transmitter and receiver. Maximum depth of exploration is ≈ 
10 m depending on ground conductivity, target volume, and 
ambient electromagnetic noise. At normal walking speed, 
station spacing along the line is ≈ 10 cm. The location was 
recorded via a GNSS receiver.

The GEM-2 measurements at the Saattopora study site 
were conducted during a previous project in August 2017 
and 2018 (Alakangas et al. 2019) and expanded and com-
pleted for this study in August of 2020 (Fig. 2A). The meas-
urements at the Kevitsa study site were conducted in August 
of 2020 (Fig. 2B). The GEM-2 results were processed, com-
bined, and interpolated using the Oasis Montaj software. 
The GEM-2 EC is referred to as the apparent conductivity 
and was computed from the responses of four different meas-
urement frequencies: 1475, 5825, 22,225, and 75,525 Hz, to 
get an average apparent conductivity from the depths cor-
responding to the frequencies used. This was done using the 
EMInventor software provided by Geophex Ltd. The final 
maps were made using ArcGIS 10.7.

The high frequency (75,525 Hz) results are shown and 
discussed separately. This high frequency quadrature compo-
nent is most sensitive to topsoil conductivity changes while 
the lower frequencies travel deeper into the soil structures. 
At high frequencies, especially the quadrature component, is 
better able to obtain the elevated values caused by slightly 
increased topsoil conductivity (Won et al. 1996).

Hydrogeochemistry

Water sampling in Saattopora

Water samples were collected from the Saattopora study 
area as part of a previous project between the years 

2016–2018, described in depth in Alakangas et al. (2019), 
and expanded in this study during the 8th and 9th of Sep-
tember 2020. At the Saattopora site, there are four ground-
water observation wells (GW1–GW4). A fifth observa-
tion well (GW5), located 0.5 km southwest of the mine 
site, provides a groundwater reference sample. In addition 
to groundwater samples, surface water sampling sites in 
2016–2018 were selected to detect potential impacts of the 
mine as well as to provide knowledge on the geochemical 
state of the nearby water bodies. The sampling in 2016 was 
done in August and September, and in 2017 in September 
(Fig. 3.). The 2018 sampling was conducted in June. Dur-
ing these field visits, temperature (T), dissolved oxygen 
(DO), pH, EC, and oxygen reduction potential (ORP) were 
determined using a portable multi-parameter YSI Profes-
sional Plus sonde (supplemental Table S-1).

The water sampling points in September 2020 at the 
Saattopora site were selected based on the results of 
GEM-2 electromagnetic measurements, visually detected 
cold spots from TIR-images, along with geological knowl-
edge of the area. A total of 19 water samples were col-
lected. The field parameters in 2020 were measured with 
WTW Multi 350i (Table S-1).

Sampling site locations categorized by year are shown 
in Fig. 3. Appropriate sample pretreatment, filtering, and 
acidification were done in the field after sampling. Treated 
samples were stored in a cold container during field work 
and transportation to the laboratory. In summary, a total of 
45 samples were collected from 34 different locations in 
the study area between the years 2016 and 2020.

Water sampling in Kevitsa

The sampling campaign at Kevitsa was on the 31st of 
August and the 1st of September in 2021. The 20 samples 
were collected after studying the anomalies from the TIR-
images and the GEM-2 measurements as with the Saatto-
pora site (Fig. 3). The field measurement data can be found 
in supplemental Table S-2. Four groundwater observation 
wells (GW1–GW4) were selected for sampling near the 
tailings storage facility (TSF). These wells were sampled 
using a bailer. Two additional groundwater samples were 
collected from springs (GW5, GW6). The water sample 
MW1 was taken from a small pool near the TSF, which 
collects waters from the facility. Surface water samples 
were collected from forested areas (FPW1–FPW5, forest 
pond water) and from the boggy (for the most part treeless) 
area at the study site (BPW1–BPW7, bog pond water) as 
well as from the lake Saiveljärvi (LW1). The natural brook 
that runs from the mine site towards the lake Saiveljärvi 
was seen as a prominent sampling area (BPW1, BPW2, 
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Fig. 3   Water sampling locations in Saattopora A and Kevitsa B 
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BPW3, BPW7) as it is known to be a channel for surface 
and discharged groundwater flow due to the local topog-
raphy. Field parameters were measured with YSI EXO1 
multiparameter sonde and sample treatment was carried 
out as described above for the sampling in Saattopora.

Laboratory analyses and statistical treatment 
of data

The hydrogeochemical laboratory tests for the water 
samples from both study sites were done in the accred-
ited laboratory Eurofins Labtium Oy in Espoo. Sampling 
pretreatment and analysis methods are shown in detail in 
supplemental Table S-3. The laboratory analysis meth-
ods were the same for the water samples collected at the 
Saattopora study site during 2016–2018 (Alakangas et al. 
2019), where water samples were analyzed by Labtium 
Oy laboratory using ICP-OES and ICP-MS for dissolved 
elements, ion chromatography following SFS-EN ISO 
10304–1 for anions (Br, Cl, F, SO4, NO3), and SFS-EN 
ISO 15681–1 for PO4. The isotopic analyses for oxygen 
and hydrogen were performed with a Picarro L2130-i 
device (Picarro Inc., Santa Clara, CA, USA), and a plasma 
multi-collector ICP-MS (Nu Instruments, Wrexham, UK) 
was used for the isotopic analyses of strontium and sulfur. 
The isotopic analyses methods are described in more detail 
in the supplemental material.

The laboratory results from the analyses of the water 
samples were statistically correlated and analyzed with 
SPSS (IBM SPSS Statistics 2013). The Pearson correla-
tion coefficients were calculated to establish relationships 
between the EC measured in waters in the field and the 
EC interpreted from the GEM-2 produced EC data. A 

hierarchical cluster analysis (HCA) performed with SPSS 
using Ward’s method and squared Euclidean distance 
included main ions, alkalinity, pH, and EC for Saattopora 
and for Kevitsa main ions and EC in addition to Ni, Sr, 
and Co. The data was normalized using Log10-transfo-
mation prior to HCA, excluding pH and alkalinity in the 
Saattopora data and EC and Cl in the Kevitsa data, which 
already had statistically symmetrical (normal) distribution. 
A principal component analysis (PCA) was also conducted 
for the datasets from both study sites. Data analysis for 
the isotopic compositions were performed with Microsoft 
Excel for cross-plots and basic calculation.

Results

Hydrogeochemistry of Sampled Waters

UAS Survey

The mean air temperature during flights was 12.7 °C in Saat-
topora (data from Kittilä Airport) and 13.2 °C in Kevitsa 
(data from the Sodankylä weather station). The surface water 
temperatures were measured on-site a week after TIR data 
collection and were between 8.9 – 13.1 °C (Levijoki, Pit-
taoja, and quarry ponds) for the Saattopora site. In Kevitsa, 
the nearby lake Saiveljärvi was measured at 11.8 °C, simi-
larly a week after the flight.

As actual temperature values were not applicable from 
the TIR data without e.g. sensor calibration, the relative 
temperatures that the TIR data presented were given as 
brightness values (BV 0 –255). Lower BV values (darker in 
color) represent lower temperatures and vice versa (Fig. 4). 
The produced TIR orthomosaics are shown in supplemental 

Fig. 4   Discharging groundwater seen in the TIR-image (left) with lower brightness value indicating lower temperatures with darker color
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Fig. S-1. A clear temperature difference between the local 
groundwater temperature (3–4 °C, Hietula 2018) and the 
surface water and air temperatures made it possible to 
detect cold temperature anomalies caused by e.g. ground-
water seepage (Fig. 4). Cold spots can be seen in the TIR-
orthomosaic image where groundwater is discharged either 
in springs or brooks (Figs. 5 & S-1).

Areas where discharging groundwater mixes with sur-
face water can also be distinguished from the TIR data. This 
kind of mixing is clearly seen in the upstream parts of a 
brook at the Kevitsa study site that is situated in the bog 
area (Fig. 4). In this area, discharging groundwater from 
the BPW1 site merges with surface water downstream at a 
location where the brook is the widest. Four closeups of tem-
perature anomalies from both study sites are shown in Fig. 5, 
where the isotopic compositions of hydrogen and oxygen of 
the sampled waters demonstrated a clear groundwater influ-
ence (Fig. S-1, supplemental Table S-4).

GEM‑2

Saattopora

GEM-2 EC and the high frequency (75,525 Hz) quadrature 
component maps are presented in Figs. 6 and 7 with bed-
rock geology at the Saattopora study site. Figure 6 displays 
only the areas with noticeable conductivity anomalies. A 
correlation between the bedrock and GEM-2 anomalies 
can be observed, e.g. near the RW16 sampling point and 
west of RW17 (Fig. 6). The sandy formation near the river 
Levijoki at the northeastern sector of the study area near 
sampling point RW10 is seen as a homogeneous anomaly 
where EC values are uniformly lower in the high frequency 
GEM-2 data (Fig. 7). Slight variations in the conductive val-
ues show up at this area (Fig. 6), which could be explained 
by the elevated conductivity values in the water-saturated 
soils near the river. The conductivities of the dry and water-
saturated geological material are presented in supplemental 
Table S-5. Both the GEM-2 EC and high frequency maps 
display a noticeable anomaly between the waste rock piles 
and the river Levijoki near the sampling points GW2 and 
RW5 as well as GW4 (Figs. 6 and 7). Similar findings were 
reported in the previous measurements by Alakangas et al. 
(2019). The strong anomaly seen in the high frequency map 
in Fig. 7 near sampling points RW1 and RW2 was caused by 
the metallic bridge crossing the river at that location.

Kevitsa

GEM-2 EC and the high frequency (75,525 Hz) quadrature 
component maps are presented in Figs. 8 and 9 with bed-
rock geology at the Kevitsa study site. As with Saattopora, 
the bedrock influence on the GEM-2 conductivity values is 

noticeable. This can be seen for instance in the northwestern 
part of the study area south of the sampling point FPW1, 
in the middle of the study area west of GW3 and GW5, 
and to the east near the sampling points FPW4, BPW4, and 
BPW5 in Fig. 8, which displays the apparent conductivity 
values with lower frequencies that travel deeper in the sedi-
ment matter, thus reflecting the bedrock influence more. The 
high frequency quadrature component map in Fig. 9 shows 
higher values along the ditch running south towards the lake 
Saiveljärvi (Figs. 3 & S-1), which is also seen in the elevated 
conductivity values of the sampling points BPW2, BPW3, 
and BPW 7, as well as some groundwater seepage points, 
e.g. in the bog area west of the sampling point GW5.

Field measurements

Saattopora  Field measurements of pH, EC, ORP, DO, and 
temperature are shown in Tables S-1 and S-2. In Saatto-
pora, the groundwater samples from the observation wells 
in the study area (GW1–GW5) show a pH range of 5.7–7.2. 
The pH values for samples of observation wells GW4 and 
GW5 were measured in the lab due to problems with the 
pH sensor in the 2020 sampling. The surface water samples 
(MW1–MW4, PW1–PW6, RW3–RW17) have a higher pH 
range, 6.9–8.0.

The EC values varied considerably within cluster group 1 
(clustering discussed more in depth later). Samples near the 
waste rock piles (GW1_18, GW3_18, MW1_18, MW1_20) 
showing the highest values, varying between 1777–2285 µS/
cm (Table S-1, Fig. 10). The groundwater observation well 
GW4_20 sample had an EC value of 767 µS/cm, differing 
noticeably from the GW5_18 and GW5_20 values of 72 and 
67 µS/cm, respectively. Observation well GW5 is outside 
the mine environment site. The Levijoki river (RW3, RW6, 
RW11) has EC values of 58–102 µS/cm, with the lower val-
ues from the easternmost measurements and the highest near 
the mine site.

Field-measured EC values of waters in the sampling loca-
tions were compared to the EC values interpreted from the 
GEM-2 EC data (Fig. 6). In Saattopora, there was a statis-
tically moderate correlation (p < 0.05, Pearson r = 0.418), 
likely mainly due to the GEM-2 measurement lines not 
matching well with the water sampling points. Better cor-
relation was found in the area between and to the north of 
the waste rock piles. There was no statistically significant 
correlation between the EC field and GEM-2 EC values in 
the Kevitsa data.

Dissolved oxygen for the groundwater samples (GW1-
GW5) ranged between 3.9 and 12.9  mg/L. The rest of 
the water samples had a similar range, between 2.7 and 
10.7 mg/L. The field temperature measurements reflect the 
groundwater surface water divide, with groundwater sam-
ples ranging between 0.14 (in GW3_18, likely a result of 
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snow/ice in the well) and 3.0 °C measured on 5th and 6th 
June 2018 and 7.5–8.6 °C in 2020, measured on 9th Septem-
ber (GW4 and GW5). Surface water temperatures ranged 
between 5.5 and 13.1 °C. Redox values ranged from −27 
to 290 mV.

Kevitsa  With the Kevitsa sampling locations, the field 
measurements produced a pH range of 3.7–7.1, an EC range 
of 24–2199 µS/cm, a DO range of 3.0–11.9  mg/L, and a 
temperature range of 4.7–15.0 °C. The measurements were 
carried out on the 31st of August and on the 1st of Septem-

ber 2021. The lowest pH values were found in the bog pond 
water samples, BPW2 (3.8), BPW3 (3.8), and BPW7 (3.7), 
as well as the forest pond water sample FPW5 (4.0). The 
highest EC values were found in the cluster group 1 samples 
(GW1, MW1, FPW2, and FPW5) with a range of 1835–
2616 µS/cm. Cluster group 2 had an EC range of 241–943 
µS/cm and cluster group 3 an EC range of 19–250 µS/cm. 
Redox values ranged from -77.3 to 414.5 mV. The ground-
water observation well temperature range of 5.3–9.3  °C 
(GW1–GW4) was noticeably higher than the 3–4 °C range 
observed for the groundwaters in northern Finland (Hietula 
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2018). This is likely explained, at least in part, by the sam-
pling method, where a bailer was used to purge the ground-
water observation wells. With a more effective groundwater 
extraction pump for purging, the temperatures would likely 
have been lower, as the records from the monitoring pro-
gram show a temperature range of 2.7–5.8 °C for the year 
2022 (Boliden 2022).

Main ionic composition of  the  water samples  The ionic 
balances and the major ion concentrations from the Saatto-
pora and Kevitsa water samples are shown in supplemental 
Table S-6. The major ion compositions are also presented in 
Piper diagrams (supplemental Fig. S-2). In Saattopora, the 
sampled waters were mostly of the Ca-HCO3 and Ca-Mg-
HCO3 or Mg-SO4 and Ca-SO4 type (Fig. S-2 A, B & C). The 

sulfate-dominated waters were most likely influenced by the 
waste rock piles where sulfide oxidation occurs (Alakangas 
et al. 2019).

There were also Ca-Mg-HCO3 type waters in Kevitsa, but 
waters with SO4

2− and Cl− as the main anions dominated. 
In the Kevitsa area, the natural waters are of the Ca-HCO3 
type; however, a change towards Cl-SO4 has been discovered 
near the TSF area, resembling the water composition of the 
TSF area described by Pienimaa (2019). Waters near the 
waste rock piles are clearly of the Mg-SO4 type and differ 
slightly from Cl-SO4 dominated process waters of the mine 
(Pienimaa 2019).

The Saattopora water samples that were classed together 
in cluster group 4 (Fig. S-2) plot near the Finnish ground-
water references with water type Ca-HCO3. Cluster group 2 

Fig. 6   GEM-2 electrical con-
ductivity (EC) anomalies, EC 
values at water sampling points 
and bedrock geology at the 
Saattopora study site

Fig. 7   GEM-2 Quadrature 
anomalies at the (high) fre-
quency of 75,525 Hz, EC values 
at water sampling points and 
bedrock geology at the Saat-
topora study site
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with water samples GW2_17 and GW2_18 with the Ca-SO4 
water type plot nearer the mine area influenced Mg-SO4 
richer water samples in cluster groups 1 and 3 (MW1, MW2, 
MW3, MW4, GW4, RW17, PW2, PW3, PW5, PW6) in the 
Piper graphs A, B, and C (Fig. S-2).

The Kevitsa water samples of cluster group 3 plot near the 
groundwater references of water type Ca-HCO3 except for 
the lake water sample (LW1), which plots nearer to cluster 

groups 1 and 2. The latter two groups have larger concentra-
tions of Cl and SO4.

Cluster grouping of  water samples  Cluster group 1 water 
samples at both sites correspond with the largest concen-
trations of the major ions and higher EC values, while the 
group 4 samples at both sites represent the lowest concentra-
tions and lower EC values (Table 1, Fig. S-2). Concentra-

Fig. 8   GEM-2 electrical con-
ductivity (EC) anomalies, EC 
values at water sampling points 
and bedrock geology at the 
Kevitsa study site

Fig. 9   GEM-2 Quadrature 
anomalies at the frequency of 
75,525 Hz, EC values at water 
sampling points and bedrock 
geology at the Kevitsa study site



Mine Water and the Environment	

tions and EC values change gradually from group 1 to group 
3/4 (Figs. 10, 11).

The hydrogeochemical data for the Saattopora water 
samples is divided into four different cluster groups with a 
linkage distance of 2.5 (Figs. S-3 & 11; Table 1). The first 
group in red includes the sample points near the smaller 
waste rock pile – MW1, GW1, and GW3. Other groundwater 
observation wells within or near the mine area are classified 
2 (orange) and 3 (yellow); GW2 and GW4 and most of the 
water samples from or near the mine area are included in 
cluster group 3. The groundwater reference sample (GW5) 
is included in group 4 in green, which also includes the river 

and stream/brook water samples and the lake water sample 
(RW and LW), as seen in Fig. 10 and Table 1.

The Kevitsa water samples is divided into three groups 
with a linkage distance of 2.5 (supplemental Fig. S-3 & 
Fig. 11). The first group in red includes the samples GW1, 
MW1, FPW2, and FPW5, nearest to the TSF (Fig. 11). 
The second group in yellow includes pondwater (FPW3, 
BPW1–3,7) samples from the study site as well as a ground-
water observation sample well (GW2) and a spring (GW6). 
The third group in green includes the lake water sample 
(LW1), two groundwater observation well samples (GW3 

Fig. 10   Soil characteristics of 
Saattopora mine area with clus-
ter groups. Main ion concentra-
tions, pH, alkalinity, and EC 
values were used for the cluster 
analysis. Group 1 presents 
waters with high concentrations. 
Concentrations of main ions 
and EC values change gradually 
from high (group 1) to low 
(group 4)

Table 1   Saattopora cluster 
groups R1-R4 formulated with 
SPSS (parameters include main 
ions, EC, pH, and alkalinity). 
Kevitsa cluster groups 
R1-R3 formulated with SPSS 
(parameters include main ions, 
EC, alkalinity, Co, Ni, and Sr)

Saattopora Kevitsa

R1 R2 R3 R4 R1 R2 R3
GW1-17 GW2-18 GW4-17 GW5-18 RW9-16 FPW2 BPW1 BPW4
GW1-18 GW2-17 GW4-20 GW5-20 RW10-16 FPW5 BPW2 BPW5
GW3-17 MW2-16 LW1-16 RW11-20 GW1 BPW3 BPW6
GW3-18 MW2-20 LW2-16 RW12-16 MW1 BPW7 FPW1
MW1-16 MW3-16 PW4-20 RW13-16 FPW3 FPW4
MW1-18 MW3-20 RW1-16 RW13-20 GW2 GW3
MW1-20 PW1-20 RW2-16 RW14-20 GW6 GW4

PW2-20 RW3-20 RW16-16 GW5
PW5-20 RW4-16 LW1
PW6-20 RW5-16
RW15-20 RW6-18
RW17-20 RW6-20
PW3-20 RW7-16
MW4-20 RW8-16



	 Mine Water and the Environment

and GW4), and a spring sample (GW5), as well as two pond 
water samples (FPW1,4 and BPW4,5,6).

Isotopic compositions of analyzed elements  The analyzed 
isotopic compositions of δ2H, δ18O, 87Sr/86Sr, and δ34S from 
the water samples are presented in Table S-4. The deuterium 
excess value in per mill is calculated using the δ2H and δ18O 
values with the formula:

The isotopic composition of hydrogen, oxygen, strontium, 
and sulfur were analyzed from the 2018 and 2020 Saatto-
pora water sampling campaigns. The groundwater reference 
sample (GW5) was taken from the groundwater observation 
well southwest of the mine area (Fig. 3). The 2018 reference 
water sample had a δ2H value of -104.5 ‰ and δ18O value of 
-14.29 ‰, in contrast to 2020 values of -107.8 ‰ and -14.77 
‰, respectively. The 2018 samples were collected in early 
June after the snowmelt period and the 2020 samples in early 
September. There is a noticeable variation in the analyzed 
isotopic compositions of the sampled waters. The δ2H values 
ranging from -122.9 to -97.4 ‰ and δ18O values from -15.36 
to -12.56 ‰ (Table S-4). The surface water samples exclud-
ing the river Levijoki samples (MW2, MW3, PW5, RW17) 
had a d-excess ranging from 3.1 to 6.4 ‰. The Kevitsa water 
samples had δ2H values ranging from -112.5 to -83 ‰ and 
δ18O values from -15.33 to -10.35 ‰, with d-excess values 
between -0.2 and 10.7.

The local evaporation line (LEL) for Saattopora has end-
member MW3_20 representing the most evaporated water 
(δ2H -97.4, δ18O -12.56) and a groundwater endmember near 

(1)d − excess = �
2
H − 8 × �

18
O

sample GW5_20 (δ2H -107.8, δ18O -14.77). Samples that 
plot on or near the LEL show varying degrees of evaporation 
(Fig. 12). With the Kevitsa samples, the LEL has the lake 
water (LW1) as the most evaporated endmember (δ2H -83, 
δ18O -10.35). Samples GW4 and GW5 represent the ground-
water endmember on the meteoric water line. Samples that 
plot on or near the LEL include BPW3, FPW1, BPW7, 
FPW2, FPW5, MW1, BPW2, GW1, and GW2 (Fig. 12). 
These evaporated waters likely have their origin from the 
TSF, since all of the cluster group 1 water samples are found 
on the evaporation line.

The isotopic composition of 87Sr/86Sr in the Saattopora 
water samples ranged from 0.71257 to 0.75058 and the Sr 
concentrations ranged from 10.1 to 260.0 µg/L. The δ34S 
values ranged from -3.0 to 10.1 ‰, while the sulfur concen-
tration ranged from 1.3 to 474.0 mg/L. The 2018 sampling 
results of the Saattopora water samples GW 1, GW2, GW3, 
GW5, MW1, and RW6 are also displayed here (Table S-4).

The 87Sr/86Sr values for the sampled Kevitsa water ranged 
from 0.72522 to 0.76939 and the Sr concentrations ranged 
from 3.1 to 884.0 µg/L. The highest concentrations are seen 
in samples GW1, MW1, FPW2, and FPW5. Values for δ34S 
in the water samples ranged from 4.4 to 19.8 ‰, while the 
concentrations of S ranged from 0.3 to 241.0 mg/L. As with 
Sr, the highest sulfur concentrations are seen in the GW1, 
MW1, FPW2, and FPW5 samples, which all belong to clus-
ter group 1 (Fig. 11).

At the Saattopora site, samples taken based on the TIR 
cold spots included MW1, MW4, PW1, PW3, PW6, RW14, 
RW15, and RW17. Cold spot samples in the Kevitsa site 
were BPW1–7 and FPW2–5, in addition to the two spring 
water samples GW5 and GW6 (Fig. 3, Table S-4).

Fig. 11   Soil characteristics of 
Kevitsa mine area with cluster 
groups. Main ions, Co, Ni and 
Sr concentrations, alkalinity, 
and EC values were used for 
the cluster analysis. Group 1 
presents waters with higher ion 
concentrations. Concentrations 
change gradually from higher 
(group 1) to lower (group3)
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Fig. 12   Isotopic compositions of oxygen and hydrogen against the GMWL and the Rovaniemi LMWL of the 2018 & 2020 water samples in 
Saattopora A and the 2021water samples in Kevitsa B 
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Discussion

Groundwater Discharge Based on TIR Images 
and Isotopic Compositions of Hydrogen and Oxygen

The TIR images were used to identify locations where the 
groundwater, which is colder than the surface water, was 
upwelling or discharging. To evaluate these sites and to dis-
tinguish between groundwater and surface water, the iso-
topic compositions of hydrogen and oxygen from the water 
samples was then analyzed. The evaporation that occurs 
from a surface water body causes the δ2H and δ18O val-
ues to plot below the meteoric water line, which represents 
the unevaporated waters of meteoric origin. Here the local 
meteoric water line (LMWL) was produced from the GNIP 
(Global Network of Isotopes in Precipitation) precipitation 
samples from Rovaniemi, just less than 200 km south of the 
study areas (IAEA/WMO GNIP database).

In Saattopora, the water samples found on the LMWL 
plot below the Rovaniemi precipitation weighted mean. This 
is also true for the Kevitsa groundwater samples (Fig. 12). 
The more negative isotopic compositions of hydrogen and 
oxygen of the water samples reflect the more northerly loca-
tion of the two study sites compared to Rovaniemi. The vari-
ations seen in the δ2H and δ18O values of the water samples 
that plot on the LMWL speaks of the strong seasonality 
affecting the isotopic compositions of hydrogen and oxygen 
(Fig. 12), which in turn may be explained by the smaller 
groundwater bodies at the study sites, especially at Saatto-
pora. The attenuation of seasonality has less effect in smaller 
groundwater bodies (Kortelainen and Karhu 2004).

The LEL and the LMWL in Saattopora intersect near 
GW5, PW4, and RW15. GW5 was planned as the reference 
groundwater sample due to its location outside the mining 
zone. Sampling spot PW4 was a groundwater puddle and 
RW15 was from a ditch that has some groundwater dis-
charge. In Kevitsa, the intersection was found near GW3 and 
GW4, which are groundwater observation wells in the study 
area. The intersections of the LEL and LMWL represent 
the mean groundwater composition in these sites (Fig. 12).

The samples that were collected based on cold spots in 
Saattopora had hydrogen and oxygen isotopic compositions 
on or very near the LMWL, showing them to be unevapo-
rated water of meteoric origin (Fig. 12). The d-excess values 
for these samples ranged from 8.10 to 10.14 (Table S-6). The 
only exception was sample RW17 with a d-excess of 5.88, 
which was from a ditch with a slow flow of water east of 
waste rock pile A (Fig. 10, Table S-4). The ditch at this sam-
pling site may have occasional groundwater influence, caus-
ing it to show as a cold spot on the day of the TIR imaging.

The Kevitsa cold spot samples (BPW2, BPW3, BPW7, 
FPW2, and FPW5) had a clear surface water component in 

them with d-excess values ranging from 3.16 to 5.54, indi-
cating evaporation. As with the exception in Saattopora, 
these sampling sites may experience varying groundwater 
influence and showed up as cold spots in the TIR images 
that were acquired two weeks before the sampling. Addi-
tionally, the UAS-TIR images only revealed information on 
the surface layer of the water (Hare et al. 2015; Isokangas 
et al. 2017), allowing for challenges in interpreting the data.

This study looked at the benefits of using UAS-TIR 
images to determine locations of groundwater upwelling 
and possible surface water – groundwater interaction sites 
as part of combining various methods in assessing mine site 
hydrogeology. The use and applicability of TIR images in 
groundwater and environmental studies has been well docu-
mented in recent years (Briggs et al. 2018; Casas-Mulet et al. 
2020; Isokangas et al. 2019; Rautio et al. 2018; Young and 
Pradhanang 2021). TIR surveys are best performed at maxi-
mum daily temperatures when the temperature difference 
between the air and the target surface is greatest, making 
the thermal signature of groundwater most visible (Loheide 
and Gorelick 2006). Overcast conditions are deemed best, as 
they minimize shade-induced temperature anomalies (Rautio 
et al. 2018). Here, samples were not only taken based on 
TIR images but also from selected groundwater observa-
tion wells and based on the GEM-2 anomalies as well as 
the general hydrogeological features in the area, i.e. brooks, 
rivers, or lakes. The TIR images revealed cold spots that 
were diagnosed as temperature anomalies by brightness 
value variations.

Hydrogeochemical and isotopic composition analyses of 
selected elements in sampled waters is a proven method to 
track various processes in water pathways at mine sites (Lar-
kins et al. 2018). The need for manageability of monitor-
ing can be an important issue at large mine sites, especially 
in areas with challenging access due to topography and/or 
terrain.

One of the aims of this study was to produce more feasi-
ble ways of producing a sampling plan for monitoring waters 
at a mine site. The UASs were used to produce TIR images 
to reveal likely groundwater seepage sites, i.e. cold spots. 
The potential groundwater influence in a water sample from 
such a cold spot can be determined by analyzing the isotopic 
compositions of hydrogen and oxygen. Other than the above-
described exceptions, the TIR analyses proved well suited 
for spotting groundwater-influenced sampling sites. To avoid 
such outliers as found here, it would be advisable to perform 
sampling as soon as possible after acquiring the TIR images.
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Anomalies Caused by Local Geochemistry 
in GEM‑2 Measurements and the Corresponding 
Hydrogeochemistry

The conductive black schist mineralization zones and mafic 
tuff areas controlled the GEM-2 EC results at the study sites 
and made the interpretation challenging. In Kevitsa, the high 
frequency quadrature component of GEM-2 results corre-
lated well with the cluster groups, alluding to suitability 
in tracking the effluent waters (Fig. 10). The weak correla-
tion between the EC values from the water samples and the 
GEM-2 EC values, mentioned earlier, may be the result of 
the GEM-2 EC values representing deeper structures (up to 
10 m depth) of the soil matter and the influence of the bed-
rock surface. Thus, the GEM-2 EC values reflect the local 
bedrock influence, causing variation between the soil con-
ductivity values and EC values of the water samples.

The use of GEM-2 measurements has been moderate in 
hydrogeological studies in Finland. Elsewhere, the method 
has been applied to study hydrostratigraphical characteriza-
tion and hydrogeological features of aquifers (Shah et al. 
2008) or contaminant dispersion (Yaccup and Brabham 
2012). At mine sites, the conductivity values of effluent 
waters seem to produce a diagnostic signal that can be used 
to reveal their flow paths.

Isotopic analyses of Sr and S in support of other methods 
used here was done to see if they would provide more infor-
mation on the hydrogeochemical processes, potential mixing 
of waters, or the local geochemistry in the study areas. Thus, 
the processes that influence the fractionation of the sulfur 
isotopes, or the local geochemistry influenced strontium iso-
topic compositions might then reveal information about the 
anomalies tracked by the UAS-TIR and GEM-2 methods. 
At both study sites here, the large variation in the strontium 
isotopic compositions from the water samples was also con-
nected to the mineralogy of the soil and the bedrock, i.e. the 
local geochemistry. Similar to the conclusions made from 
the GEM-2 EC results, the elevated conductivity values were 
probably caused by the deeper reaches of the soil in the areas 
of conductive mineral matter (Fig. 6). With sulfur, such con-
nections with the superficial anomalies could be connected 
to the fractionation of sulfur isotopes by biogeochemical 
processes. The diverse microbial communities of peatlands, 
the accumulation of reactive organic matter, and a series of 
redox processes influence the sulfur species (Porowski et al. 
2019). Oxidation of sedimentary sulfides produces negative 
δ34S values while sulfides from igneous rocks can have val-
ues from −10‰ to + 10‰. Atmospheric sulfur has values 
from + 4‰ to + 6‰, and dissolution of gypsum or anhydrite 
can produce values from + 10‰ to + 30‰ (Ingri et al. 1997; 
Liu et al. 2017).

The process of microbial sulfate reduction under anaer-
obic conditions is the most important process influencing 

the fractionation of the isotopic composition of sulfur. It 
removes the lighter isotope 32S from the solution and pro-
duces H2S gas (Isokangas et al. 2019; Larkins et al. 2018). 
This explains the smell of sulfur in some of the sampling 
locations in Kevitsa (mentioned in the sampling field 
notes). Additional explanation for the enrichment of δ34S 
both in Kevitsa and Saattopora is that the isotopic analysis 
method used turns all the S-components into sulfate and 
sulfide (Paris 2013), which would produce more negative 
δ34S values, was not analyzed separately. The variation in 
the isotopic composition of sulfur can be seen for example 
in the GW5 sample in Saattopora, where the 2018 sam-
pling has a value of 10.1 and the 2020 sampling 3.8 (Table 
S-4). The field measurements show a 2018 redox value of 
85.6 mV compared to the 2020 value of 204 mV (Table 
S-2). PCA analysis was performed with the main ions, 
selected trace elements, field measurements, and isotopic 
compositions of sulfur (δ34S). The Saattopora redox val-
ues correlated with δ34S values whereas the Kevitsa δ34S 
values correlated with the main ion and sulfur concentra-
tions as well as the field EC values (supplemental Tables 
S-7 and S-8).

The strontium isotopic compositions in the Ni-PGE ore in 
Kevitsa ranges from 0.709 to 0.711 (Luolavirta et al. 2018). 
Such references could not be found for the Saattopora ore, 
but according to Kaislaniemi (2011), the regional geology 
in central Lapland has a more radiogenic strontium isotopic 
composition, with values ranging from 0.7236 to 0.7424. 
The variation in the isotopic composition of Sr in the water 
samples was large at both Saattopora (0.71257–0.75058) 
and Kevitsa (0.72522–0.76939) (Table S-4). The notable 
variation speaks of the geological complexity of the studied 
mine areas, and the local geochemistry is reflected in the 
87Sr/86Sr compositions of the water samples. Mafic minerals 
tend to lower the values for 87Sr/86Sr, while felsic minerals 
will cause increased 87Sr/86Sr values (Clark & Fritz 1997; 
Kietäväinen et al. 2013; Shand et al. 2009). This was seen 
in these two study sites with paraschist rock types as well as 
felsic albite rock in Saattopora (Fig. 6).

The dissolved concentrations of Sr and S from the water 
samples are presented against their respective isotopic com-
positions in Fig. 13. This is commonly done, e.g. to assess 
mixing of waters or to trace the effects of geochemical pro-
cesses on isotopic compositions. The isotopic compositions 
of strontium of the water samples of the two study sites have 
no clear endmembers to determine mixing of waters. This 
is reflected in Saattopora where groundwater sample GW5 
taken from the well outside the mine site produced two 
different compositions from the 2018 and 2020 sampling 
(Fig. 13). This observation well was found to have a rodent 
trapped inside it during the 2018 sampling. It was removed 
and the well was purged on the previous day prior to sam-
pling. Still, this might explain the variation in the results 
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since it speaks to the well not being fully protected from 
such incidents.

The Applicability of the Methods Used to Focus 
Water Sampling

With the hydrogeochemistry results, clustering of water 
samples produced maps where the concentrations and con-
ductivity of the main ions, two parameters that are closely 
linked to each other, mostly dictated the division of the clus-
ter grouping (Figs. 12, 13). The highest concentrations and 
conductivity values were from Saattopora in the samples 
taken near the waste rock piles (Fig. 10). The elevated values 
(cluster groups 1 and 2) at Kevitsa occur near the TSF and 
along the small brook leading into lake Saiveljärvi (Fig. 11). 
The elevated GEM-2 conductivity values also concentrate 
near the waste rock piles in Saattopora (Fig. 6), although 
there are anomalies caused by the local geochemistry further 
east of the waste rock piles. The elevated GEM-2 quadrature 

values at Kevitsa tell a similar story to the cluster grouping 
(Fig. 9).

At the Kevitsa study site, the combination of UAS-TIR 
data and GEM-2 high frequency soil conductivity values 
of the top sediment reveal anomalies potentially caused by 
the TSF. Focusing the sampling to these anomalies reveals 
a good correlation to the cluster grouping with higher con-
centrations of major ions and EC in the sampled waters 
(Fig. 11). The isotopic compositions of oxygen and hydro-
gen can be seen as backing this assumption, since the cluster 
group 1 samples occur on the LEL (Fig. 12). This indicates 
that the water originates from the TSF where evaporation has 
fractionated the isotopic composition. The isotopic composi-
tion of sulfur is probably influenced mostly by the sulfide ore 
body with a median δ34S of + 4 ‰ (Luolavirta et al. 2018) 
and potentially oxidation of sulfide/pyrite, causing lighter 
values. This is also seen in the Saattopora values of sulfur 
isotopic compositions, with even lighter values (Table S-4). 
In contrast to the Kevitsa site, the Saattopora mine site did 
not have a TSF, and the sulfide ore has been analyzed as 

Fig. 13   Isotopic compositions of Sr and S against their concentra-
tions in the water samples in Saattopora (A -Strontium, B – Sulfur) 
and Kevitsa (C – Strontium, D – Sulfur). Color codes correspond to 
the different cluster groups (Figs. 12, 13 & S2; Table 1) and the labels 

reveal the various water types (GW-groundwater, MW-mine water, 
RW-river water, PW-pond water, FPW-forest pond water, BPW-bog 
pond water, LW-lake water)
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having δ34S values ranging from 2.23 to 4.08 ‰ (Mänttäri 
1995). The waste rock piles at Saattopora are the source 
of the higher metal concentrations seen in the solute con-
centrations of Sr and S in samples GW1, GW2, GW3, and 
MW1 (Fig. 10; Table S-4). The combination of pre-sampling 
methods reveals anomalies that differ from that at Kevitsa 
and it seems the strongest flow of effluent waters is towards 
the river Levijoki, as seen in the GEM-2 soil conductivity 
anomalies (Figs. 6, 7). This discharge, however, is masked 
in the samples taken from the river due to its flow rate. The 
use of UAS-TIR at the Saattopora study site reveals areas of 
potential groundwater discharge, but tracking the effluent 
water pathways from the waste rock piles does not paint as 
clear a picture as at the Kevitsa site.

The use of TIR images in determining locations of 
groundwater upwelling has a very good track record 
(Anderson 2005; Casas-Mulet et al. 2020; Isokangas et al. 
2019; Rautio et al. 2018; Young and Pradhanang 2021). 
Differentiating groundwater and surface water samples 
with the isotopic compositions of oxygen and hydrogen 
is a tried and tested method. The cold spots found in the 
TIR images in this study proved to be either unevaporated 
water of meteoric origin or from water reservoirs that had 
a clear groundwater influence.

The added benefit of performing the GEM-2 measure-
ments remains debatable based on the apparent conductiv-
ity (EC) values at these study sites. The anomalies caused 
by the local mineral matter and the potential of the GEM-2 
device in reaching EC values below the topsoil can pro-
duce challenges in interpreting the results as shown here 
with only modest correlation between the EC values from 
GEM-2 data and from the EC values analyzed from the 
water sampling sites. However, the high frequency GEM-2 
quadrature values, which mostly represent the topsoil, 
seems to have a better potential for revealing effluent water 
discharge.

In addition to the anomalies induced by local geochemis-
try and interpreted using the GEM-2 data, the mineralogy of 
the soil and bedrock also played an important role in causing 
variations in the strontium isotopic compositions observed in 
the water samples. The sulfur isotopic compositions revealed 
biogeochemical processes and redox conditions along the 
water flow paths but were also determined by the source 
material, which can be unique at mine sites and cause notice-
able variations in the results (Kim et al. 2019).

Conclusions and Implications

Cost-efficient water sampling plans for a mine site can be 
achieved when combining various methods to estimate the 
flow paths of natural and effluent waters at a study site. 
In this study, uncrewed aerial systems (UAS) produced 

thermal infrared images (TIR) that were analyzed along 
with GEM-2 conductivity data from two mine sites in the 
high-latitude subarctic zone in Finland: the Saattopora 
abandoned Cu-Au site and the active Cu-Ni-PGE mine 
site of Kevitsa. Anomalies from the pre-sampling data 
were merged with the available hydrogeological knowl-
edge of the study sites, and a sampling plan was created 
to assess possible flow paths of mine effluent waters. The 
water samples were analyzed for their hydrochemical 
components as well as isotopic compositions of oxygen, 
hydrogen, strontium, and sulfur.

The TIR images proved useful in detecting groundwater 
upwelling at both study sites. Isotopic analyses of hydro-
gen and oxygen revealed the influence of groundwater in 
water samples taken at the sites of the TIR anomalies, i.e. 
cold spots. Isotopic compositions of Sr and S in the sampled 
waters provided information on local geochemistry and bio-
geochemical processes, including redox conditions, at the 
two study sites. Notably, there was marked differences in the 
isotopic compositions of both Sr and S in the water samples 
from the two sites. This can be partly explained by the com-
plex local geochemistry of the mine sites, where rock types 
such as paraschist and felsic albite influenced the Sr isotopic 
composition. Additionally, biogeochemical processes, such 
as the oxidation and reduction of sulfur in the groundwater, 
contributed to the observed variations.

The GEM-2 results revealed local geochemical anoma-
lies, especially in the conductive black schist mineralization 
zones, which interfered with the initially intended tracking 
of electrical conductivity (EC) anomalies related to effluent 
waters at the mine sites. The topsoil-aimed high frequency 
quadrature component correlated with the cluster grouping 
of hydrochemical parameters from the sampled waters, espe-
cially at the Kevitsa study site. The combined use of TIR 
images, GEM-2, and hydrogeochemistry can be a powerful 
tool in hydrogeological studies, particularly in challenging 
terrain. However, site-specific geological anomalies may 
pose challenges in the interpretation of data.
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