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A B S T R A C T

This study was aimed at identifying and quantifying mixing proportions in surface waters downstream of his-
torical Cu-W-F skarn mine tailings at Yxsjöberg, Sweden, using 18O, 2H, and 87Sr/86Sr isotopes. In addition, a
simple mathematical model was developed to evaluate the consistency of the mixing calculations.
Hydrochemical and isotopic data from 2 groundwater wells, 6 surface water and 2 rainwater sampling sites,
spanning 6 sampling campaigns between May and October were used. Three mixed surface waters downstream
of the tailings were identified, namely: C7, C11 and C14. C7 was directly influenced by groundwater from the
tailings whereas C11 was also subsequently influenced by C7. C14 on the other hand, had contributions from
C11. Sequential mixing calculations indicated that the contribution of the groundwater to C7 ranges from 1 to
17%. The subsequent contribution of C7 to C11 varied from 49 to 91% whereas C14 had contributions of C11
ranging between 16 and 56%. A strong agreement between the model data (MD) and measured raw data (RD) for
C11 and C14 indicated the accuracy of the mixing calculations. Variations between the MD and RD at C7,
however, was mainly due to sorption and reductive processes underneath the tailings, which tend to attenuate
the amount of dissolved ions reaching the surface waters, resulting in a low ionic contribution of the tailings
groundwater to the surface water. The low ionic contribution of the groundwater to C7 suggested that although
the tailings impoundment is of environmental concern, its impact on the downstream surface waters is small.
The results of this study suggest that mixing calculations in surface waters involving a closed system such as
groundwater (as an end-member) must be treated with caution. It is recommended that the interpretation of
such mixing results must be coupled with detailed knowledge of the potential hydrogeochemical processes along
its flow paths.

1. Introduction

Sweden, with a long and rich history of mining, is ranked among the
foremost European countries regarding the production and export of
iron-ore, base and noble metals such as gold, silver, zinc, copper, and
lead (Government Office of Sweden, 2006). This enviable position has
however come at a negative cost to the environment in terms of the
generation of large quantities of mine wastes and potential attendant
ecological destructions. One of such mine wastes sites is the abandoned
copper‑tungsten-fluorite (Cu-W-F) skarn tailings located at Yxsjöberg in
south-central Sweden. These tailings were generated during 3 different
periods of mining Cu, F and W from 1887 to1989 (Höglund et al., 2004;
Magnusson, 1940; Ohlsson, 1979). Old mining wastes such as those at
Yxsjöberg are generally considered to be potentially toxic and of en-
vironmental concern due to inefficient extraction methods, unregulated

disposal techniques arising either from lapses or non-existing environ-
mental policies at the time of their generation (Hudson-Edwards et al.,
2011; Hodges, 1995). The Yxsjöberg Cu-W-F skarn tailings have a
complex mineralogy, consisting of silicates (including helvine group of
minerals: [(Fe, Mn, Zn)4 Be3(SiO4)3S]), oxides (e.g. scheelite: CaWO4),
halide (as fluorite) and sulphides (Hällström et al., 2018). Chemical
analyses of these minerals have shown that they contain relatively high
contents of potentially-toxic elements such as Be, Bi, Cu, F, Zn and W
(Hällström et al., 2018).

Exposure of sulphide minerals to oxygen and water may result in the
production of effluents of low quality (low pH) referred to as acid mine
drainage (AMD) (Nordstrom and Alpers, 1999). The low pH could
further promote the weathering of other minerals, with subsequent
leaching and transport of potentially-toxic elements into surrounding
ground and surface waters as well as soils, posing environmental threats
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(Nordstrom, 2009; Saria et al., 2006). Recent studies by Salifu et al.
(2018b) and Hällström et al. (2018) reported of the oxidation of sul-
phide minerals and weathering of other minerals including silicates in
the tailings, potentially producing Be, Fe, Cu, Tl, Zn and W-rich waters.
In mining environments, water is considered the most important
parameter among all the impacted natural receptors due to its active
participation in the generation of AMD. In addition, interaction of
contaminated mine effluents with pristine water in streams and rivers
provide an efficient mechanism for the dispersion of potentially-toxic
elements (Mendoza et al., 2016).

Field observations indicate that the Yxsjöberg Cu-W-F tailings may
not be hydrologically isolated from the surface waters downstream.
Therefore, there is the possibility for elemental contamination of
downstream surface waters, which could vary both spatially and tem-
porarily. Previous ground and surface water sampling campaigns in the
tailings and downstream, respectively (e.g. Höglund et al., 2004;
Hällström et al., 2019), reported of W and other elemental con-
tamination in some of the surface waters. These authors hypothesised
that the groundwater from the tailings could be the source of these
contaminants to the surface waters. The study area is well “watered”
with a lot of rivers and streams, which can mix with possible mining
effluents from the tailings as they flow downstream. This potential
mixing process can however affect the dissolved ion concentrations
through either dilution and/or precipitation reactions, masking the real
contributions of the tailings effluents to the chemical loads down-
stream. In spite of these possibilities, little attempt has been made to
address issues related to quantification of the contribution of tailings
effluents to the chemical loads of potentially affected rivers and streams
downstream.

Mixing calculations using elemental concentrations have been em-
ployed in several hydrological and environmental studies to identify
and quantify sources of solute (e.g. Crandall et al., 1999; Hendry et al.,
1991) but these usually produce erroneous results. This is because they
are limited in their ability to resolve the complexities associated with
mixing processes such as dilution and precipitation reactions. Indeed,
the non-conservative behaviour of some these elemental tracers have
been reported (e.g. Barthold et al., 2011) as a major source of un-
certainties in (end-member) mixing calculations. Another limitation of
using elemental tracers for end-member mixing analysis is the choice of
appropriate tracers and number of tracers to use. End-member identi-
fication and contributions in mixing analysis using elemental tracers
may vary depending on the tracer set size and composition. Small tracer
sets may result in a limited number of identified end-members and vice
versa for large tracer sets. More tracer sets do not, however, auto-
matically guarantee the identification of more end-members, but de-
pends on the right selection of tracers (e.g. Popp et al., 2019; Delsman
et al., 2013; Barthold et al., 2011). A classic example of the complexities
associated with the use of elemental tracer sets size and composition in
mixing analysis is provided by Barthold et al. (2011). In their work, the
authors showed that end-member contributions using tracers sets that
contained SO4

2− resulted in contributions that were largely under-
estimated (< 0%) at most times. On the other hand, tracer sets con-
taining uranium (U) produced contributions that fell within the re-
commended range of 0–100%. These results highlights some of the
limitations in the application elemental tracers for mixing analysis.

In light of these above aforementioned limitations, there has been a
shift towards the adaptation of alternative and efficient interpretative
tools such as the stable isotopes of oxygen (18O), hydrogen (2H),
radiogenic isotopes of strontium (87Sr/86Sr) and helium (4He). The
isotopes of water (18O and 2H), 87Sr/86Sr and 4He as conservative tra-
cers in low temperature environments have received considerable ap-
plications across a broad spectrum of environmental studies, such as
tracing water sources (e.g. Horst et al., 2007; Bullen et al., 1996),
mixing/water-rock interactions (e.g. Batlle-Aguilar et al., 2017;
Mendoza et al., 2016; Guo et al., 2010; Négrel et al., 1997, 2004),
sources of salinity (e.g. Shand et al., 2009; Kim et al., 2003), fate and

transport of contaminants (e.g. Khaska et al., 2015). These applications
stem from the fact that the 18O and 2H isotopes are constituents of the
water molecules themselves whereas the 87Sr/86Sr isotope ratios are not
fractionated during low temperature geochemical reactions such as
mineral precipitation (Capo et al., 1998). Helium (specifically 4He), a
noble gas on the other hand, is inert in nature, making it an ideal tracer
for understanding groundwater dynamics such as recharge processes,
flow velocities and mixing processes (e.g. Batlle-Aguilar et al., 2017).

Despite the array of advantages and environmental applications of
18O, 2H and 87Sr/86Sr isotopes, they have received limited attention in
mine waste environments (e.g. Salifu et al., 2018a, 2018b; Heidel et al.,
2007; Spangenberg et al., 2007; Allen and Voormeij, 2002). To develop
an effective long-term management of effluents from the Yxsjöberg Cu-
W-F skarn tailings requires detailed understanding of the chemical
constituents in ground and surface waters downstream, as well as the
potential relationship between these two. Hence, the objectives of this
study are to (i) identify and quantify potential mixing processes be-
tween groundwater and downstream surface water bodies using 18O, 2H
and 87Sr/86Sr isotopes (ii) develop a simple mathematical model for
evaluating the consistency of the isotopic mixing calculations.

2. Materials and methods

2.1. Study area

The study site is the historical Yxsjöberg Cu-W-F skarn mine tailings
deposit in Sweden. These tailings are by-products of mining Cu, W and
F from the Yxsjöberg skarn ore deposit (Magnusson, 1940; Ohlsson,
1979; Romer and Öhlander, 1994) during three different mining re-
gimes. The skarn deposit is located within the Bergslagen geological
province of the Svecofennian domain, which forms a major part of the
Baltic shield. The Svecofennian domain comprises several magmatic
arcs and metamorphosed and migmatized sedimentary basin filled with
greywackes (Johansson, 1988; Larson and Berglund, 1992). The Yxs-
jöberg Cu-W-F skarn deposit, with an estimated age of 1800 Ma (Romer
and Öhlander, 1994), comprises three distinct mineralizations namely;
Kvarnåsen, Nävergruvan and Finngruvan, which occur on the same
limestone horizon (Magnusson, 1940; Ohlsson, 1979). The skarn
formed through selective replacement of calcitic limestone which is
interbedded in acid metavolcanites, with unaltered calcitic limestone
containing minor amounts of quartz and feldspar. In addition, the skarn
deposit is spatially associated with mafic dikes that are wholly am-
phibolised (Ohlsson, 1979). The Yxsjöberg Cu-W-F deposit is a schee-
lite-bearing skarn with high contents of minerals including fluorite,
chalcopyrite and pyrrhotite whereas magnetite and plagioclase are also
common. Calcite, pyroxene, amphibole, garnet, biotite, wolframite,
sphalerite, helvine, apatite, pyrite, chlorite, zircon, hematite, marcasite,
covellite, ilmenite and uraninite occur as accessory minerals (Lindroth,
1922; Ohlsson, 1979). The skarn is partitioned into three main cate-
gories namely; (i) biotite-rich skarn, (ii) pyroxene and/or garnet-
dominated skarn and (iii) amphibole-dominated skarn (Ohlsson, 1979).

Two main tailings deposits are located at Yxsjöberg, namely,
Smaltjärnen and Morkulltjärnen repositories (Fig. 1). Tailings in the
Smaltjärnen repository, which are the oldest among the two and esti-
mated at approximately 2.8 million tons, originated from the mining of
Cu, F and W from 1887 to 1963. The Smaltjärnen repository has been
classified as an open system because it is not surrounded by a dam and
directly exposed to oxidizing conditions (Salifu et al., 2018b). This has
led to sulphide oxidation and subsequent weathering of other minerals
including silicates, oxides and fluorite. Detailed mineralogical and
chemical composition of the Smaltjärnen tailings have been described
by Hällström et al. (2018). The Morkulltjärnen repository, on the other
hand, was deposited during mining from 1969 to 1989. In contrast to
Smaltjärnen, the Morkulltjärnen repository is confined by a dam and
water-saturated, hence limiting sulphide oxidation (Höglund et al.,
2004). Annual average precipitation and temperature values of 730 mm
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Fig. 1. Location of the Yxsjöberg Cu-W-F skarn tailings and the sampling points used for this study. Map modified after Hällström et al. (2019).
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Fig. 2. Time series data of surface water discharge in the study area from May–October 2018.
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and 11 °C, respectively, have been reported for the Yxsjöberg area
(SMHI, 2016). Available data regarding daily measurements of surface
water discharge in the study area (Fig. 2) during the duration of the
sampling campaign (May–October 2018), indicate an average value of
0.247 m3/s, with the maximum discharge of 2.840 m3/s recorded
during the snow melt in May (SMHI, 2019).

2.2. Sampling

Six sampling campaigns were executed between May and October
2018, during which 2 groundwater wells (A1 and A3) located in the
Smaltjärnen repository and 6 surface waters (C7, C9, C11, C13, C14 and
Reference) were sampled (Fig. 1). The depth of A1 and A3 were 6.0 and
2.84 m, respectively. Geochemical, mineralogical and isotopic char-
acterisation of tailings from A1 and A3 have been described by Salifu
et al. (2018b, 2019) and Hällström et al. (2018).

Sampling points C7 and C11 were located downstream of
Smaltjärnen whereas C13 was sourced downstream of Morkulltjärnen.
Sampling point C14, was located downstream of both the Smaltjärnen
and Morkulltjärnen repositories. The Smaltjärnen lake, from which C7
was indirectly sourced, was in direct contact with tailings in the
Smaltjärnen repository. Sampling site C9 was not in contact with the
Smaltjärnen repository but served as a tributary to C7. A reference
point (hereafter known as Ref), located outside the vicinities of the two
repositories was considered as pristine and hence represented back-
ground surface water chemistry in the area.

Before sampling for groundwater, purging was done for at least
10 min to flush stagnant water in order to ensure that representative
samples were taken. Groundwater was pumped using a potable
Masterflex peristaltic pump connected to a 9 mm silicon tube. As a
quality control measure, different silicon tubes were used for different
wells to prevent contamination. In order to avoid the likelihood of
oxygenation of the groundwater samples during pumping, the silicon
tubes were directly attached to a Merck Millipore vacuum Sterifil®
Aseptic System and holder. Surface water sampling was carried out
through online pumping using Geothech polycarbonate and acrylic
filter holders. Both ground and surface water samples were filtered
through preconditioned 0.22 μm Millipore cellulose acetate filters but
of different diameters. The diameters were 42 and 142 mm for filters for
ground and surface waters, respectively. The water samples were col-
lected in controlled polyethylene bottles. At each sampling point,
physicochemical parameters including electrical conductivity (EC), pH
and temperature were measured using a VWR multi parameter instru-
ment (Model: MU 6100H). Two rain stations were also set-up on the
Smaltjärnen repository to collect monthly rainwater samples spanning
the period of July to October 2018. Rainwater sampled in October re-
presented the cumulative stable isotope (18O and 2H) of samples for the
entire sampling seasons (July–October). Ground, surface and rainwater
samples were selected for hydrochemical (major and trace elements)
and isotopic (18O, 2H and 87Sr/86Sr) analyses. All the waters for hy-
drochemical and 87Sr/86Sr isotopes analyses were filtered except for
those of 18O and 2H. The filters from the surface water sampling fil-
tration process were also carefully stored and sent to the laboratory for
chemical analyses of the particulate contents.

2.3. Analyses

Chemical analyses of all water samples and filters were carried out
at a SWEDAC-accredited laboratory; ALS Scandinavia AB, Sweden,
using inductively coupled plasma-sector field mass spectrometry (ICP-
SFMS) from ThermoScientific. Sulphate (SO4

2−) was analysed using ion
chromatography. Prior to analysis, the filters were subjected to lithium
borate / aqua regia / hydrofluoric acid / hydrochloric acid digestions.
The accuracy of the results from the chemical analyses of the water
samples was confirmed by employing the Charge Balance Error; CBE
(Freeze and Cherry, 1979). This was used to measure the internal

consistency of a sample. The computed CBE values for majority of the
samples were within the recommended±5%. The few samples which
recorded CBE values outside the recommended range were nevertheless
within± 10%. As a result of this, data for all samples were used in the
inferences and interpretations. The 18O and 2H isotopes analyses of the
water samples were carried out at the Stable Isotope Laboratory (SIL),
Department of Geological Sciences, Stockholm University, Sweden. The
stable isotopes composition of water was determined using a Liquid
Water Isotope Analyser (L2140-i) from Picarro through the Cavity Ring
Down (CRD) Spectroscopy technique. The results were normalised be-
tween Vienna Standard Light Antarctic Precipitation (VSLAP) and
Vienna Standard Mean Ocean Water (VSMOW). The stable 18O and 2H
isotopes were reported in the delta (δ) notation as per mil (‰) devia-
tion relative to the Vienna Standard Mean Ocean Water (VSMOW).
From the measurements, the reproducibility was calculated to be better
than 0.6‰ for δ2H and 0.1‰ for δ18O. The 18O and 2H isotope results
are expressed as:

=(‰) [(R /R ) 1] 1000sample standard (1)

where R is the ratio of the heavy to light isotope (R= 18O/16O and 2H/
H for O and H, respectively).

Sr (87Sr/86Sr) isotopes composition of the water samples was ana-
lysed on a (NEPTUNE PLUS from ThermoScientific) multicollector in-
ductively coupled plasma mass spectrometry (MC-ICP-MS) in static
mode using internal standardisation and external calibration with
bracketing isotope SRMs. The 87Sr/86Sr analyses were also done at ALS
Scandinavia AB, Sweden. Further and detailed information about the Sr
isotope analysis is provided in Salifu et al. (2018b).

3. Results

3.1. Hydrochemical parameters

Table 1 presents detailed information on the physicochemical, hy-
drochemical and isotopic compositions of ground, surface and rain
water samples. The graphical illustrations of the physicochemical
parameters (EC and pH) of ground and surface water samples are shown
in the form of box plots (Fig. 3). Variability in the EC and pH values is
indicated by the position of the median bar and the relative lengths of
the whiskers on both sides of the box of each of the parameters.
Groundwater samples have pH values between 6.2 and 6.9, with an
average of 6.4. Apart from May samples, there is no change in monthly
pH values, especially at A3, with a consistent value of 6.2. For surface
water samples, the pH ranges from weakly acidic to slightly alkaline
(pH = 5.0–7.6). Generally, sampling sites C7 and C11 have the lowest
average pH, with a value of 5.8. The EC shows wide variation between
groundwater and surface waters, with the latter recording lower EC
values compared to that of the former. The EC ranges from as low as
18 μS/cm at C9 during the spring flood in May to a high of 2690 μS/cm
at A3 in October. In contrast to the observed pH values, C7 and C11
have the highest EC among all the surface waters. The depth to water
table (DWT) in A1 and A3 are shown in Table 1, with the shallowest
depth of 4.7 and 0.7 m below ground level recorded in the month of
May for A1 and A3, respectively.

Generally, the hydrochemical parameters show seasonal and spatial
variations across sample sites. The highest concentrations of dissolved
ions are recorded in groundwater samples (A1 and A3) whereas the
lowest values are associated with surface waters, particularly the re-
ference sample. The dissolved concentrations of Fe, K and Na show
insignificant variations between A1 and A3 for the entire sampling
period whereas Al, Be, Ca, Sr, W and SO4

2− exhibit significant differ-
ences among these two sample sites. Iron, K and Na concentrations
range between 37 and 59 mg/L, 27–32 mg/L and 12–16 mg/L, re-
spectively. On the other hand, Al, Be, Ca, Sr, SO4

2− and W con-
centrations range from 0.05–37 mg/L, 1–4671 μg/L, 498–642 mg/L,
168–242 μg/L, 455–639 mg/L and 0.5–24 μg/L, respectively. The
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Table 1
Physicochemical, hydrochemical and isotopic data of ground, surface and rainwater samples. Units for all elements are in mg/L except for Be, Sr and W (in μg/L).
Italic numbers in bracket refer to the particulate contents. Physicochemical and hydrochemical data (except Be and Sr) for A3, C7, C11, C13, C14 and Ref are from
Hällström et al. (2019).

Sampling site EC
(μS/
cm)

pH Al Ca Fe K Mg Na Sr Be W SO4
2− 18O 2H 87Sr/86Sr DWT (m)

May
A1 4.7
A3 2500 6.5 29.83 635 36.62 29.03 31.33 15.45 168 4367 2.94 639 −11.03 −78.30 1.078709 0.7
C7 100 5.7 0.22

(0.02)
12.42
(0.10)

0.77
(0.32)

0.80
(0.12)

0.93
(0.01)

2.05
(0.07)

8.00
(0.21)

8.7
(0.30)

0.17
(0.26)

11.76
(0.32)

−11.08 −80.10 0.828333

C9 18 5.2 0.22 1.39 0.81 0.30 0.35 1.18 3.61 0.09 0.14 0.55 – – 0.747152
C11 73 5.6 0.24

(0.02)
8.95
(0.07)

1.15
(0.22)

0.67
(0.07)

0.75
(0.01)

1.82
(0.05)

6.70
(0.17)

6.30
(0.18)

0.23
(0.17)

8.09
(0.21)

– – 0.815302

C13 27 6.1 0.11 2.52 0.32 0.33 0.37 1.75 6.60 0.04 0.38 0.91 −10.87 −78.30 0.735517
Ref 18 5.0 0.22 1.50 0.65 0.20 0.39 1.25 5.62 0.04 0.02 0.48 – – 0.730529

June
A1 2660 6.4 0.06 607 59.38 31.72 46.19 15.72 242 3.28 0.49 547 −10.94 −76.90 0.891391 4.8
A3 2670 6.2 34 642 57.35 28.90 27.45 14.58 187 4512 20.60 590 −10.90 −78.10 1.069226 1.1
C7 256 5.8 0.23

(0.07)
43.30
(0.36)

2.13
(2.63)

1.52
(0.25)

2.36
(0.02)

2.84
(0.11)

23.80
(0.42)

35.10
(2.39)

0.14
(0.66)

40.20
(0.66)

−8.87 −68.40 0.843702

C9 33 5.6 0.21 3.11 0.99 0.40 0.73 1.67 8.12 0.10 0.20 1.09 −10.23 −71.10 0.745191
C11 163 5.7 0.21

(0.06)
21.61
(0.21)

0.90
(1.41)

0.89
(0.18)

1.54
(0.02)

2.19
(0.09)

15.90
(0.33)

15
(1.14)

0.14
(0.38)

18.54
(0.45)

−9.56 −69.60 0.824977

C13 27 6.5 0.08 2.86 0.52 0.30 0.38 1.57 8.04 0.03 0.85 0.83 −9.43 −71.30 0.720614
C14 66 6.6 0.09

(0.04)
7.83
(0.11)

0.57
(0.65)

0.48
(0.11)

0.74
(0.01)

1.75
(0.08)

11.30
(0.25)

3.10
(0.34)

0.57
(0.53)

5.46
(0.34)

−9.31 −70.30 0.756888

Ref 37 6.4 0.05 3.95 0.35 0.32 0.68 1.51 12.30 0.01 0.08 0.53 −7.95 −62.30 0.726584

July
A1 2430 6.4 0.05 545 55.39 31.26 44.02 15.80 235 1.04 0.70 542 −11.01 −77.20 0.889574 4.8
A3 2590 6.2 36.87 594 56.10 31.29 30.45 15.80 192 4610 21.70 606 −10.86 −77.60 1.050450 1.2
C7 306 5.2 0.23

(0.08)
41.72
(0.31)

2.81
(2.94)

1.97
(0.06)

2.72
(0.02)

3.14
(0.04)

24.70
(0.40)

35
(2.37)

0.10
(0.75)

43.53
(0.38)

−8.17 −65.00 0.870771

C9 41 6.4 0.15 4.37 1.20 0.50 1.01 2.14 10.40 0.12 0.28 0.46 −10.37 −73.90 0.749482
C11 259 5.8 0.25

(0.05)
35.95
(0.28)

0.96
(1.50)

2.03
(0.07)

2.50
(0.02)

3.08
(0.06)

24.20
(0.38)

27
(1.64)

0.10
(0.23)

35.86
(0.33)

−8.44 −66.40 0.853650

C13 29 7.6 0.08 2.87 0.59 0.52 0.41 1.86 8.50 0.07 1.04 0.81 −8.89 −68.90 0.728151
C14 63 6.4 0.07

(0.02)
7.26
(0.08)

0.60
(0.32)

0.62
(0.02)

0.76
(0.01)

2.06
(0.03)

11.50
(0.18)

2.10
(0.23)

0.81
(0.60)

5.03
(0.12)

−8.64 −67.70 0.756575

Ref 38 6.6 0.07 4.29 0.63 0.49 0.75 1.76 13.30 0.08 0.02 0.56 −7.54 −60.06 0.727970
RS – – 0.01 14.08 0.01 0.32 0.56 2.65 8.40 0.50 0.15 15.40 −7.63 −60.45 0.744672

Aug
A1 5.2
A3 2640 6.2 32.29 621 52.03 28.11 26.15 13.74 185 4671 21.34 577 −10.87 −77.70 1.054590 1.3
C7 460 5.5 0.27

(0.03)
65.63
(0.33)

3.12
(2.83)

2.83
(0.10)

3.93
(0.02)

3.44
(0.05)

35
(0.38)

52
(1.21)

0.62
(0.25)

66.50
(0.50)

−7.17 −59.70 0.886308

C9 45 6.5 0.11 4.55 0.79 0.47 1.00 2.08 9.50 0.07 0.82 0.83 −9.84 −70.40 0.748078
C11 402 5.8 0.35

(0.02)
55.77
(0.28)

0.69
(1.77)

2.55
(0.12)

3.44
(0.02)

3.27
(0.05)

33
(0.38)

42
(0.85)

0.60
(0.13)

55.37
(0.46)

−7.45 −60.90 0.869389

C13 29 6.7 0.05 12.85 0.37 0.77 1.18 2.06 15.50 3.00 0.98 0.75 −8.04 −64.70 0.783015
Ref 40 6.3 0.06 4.08 0.86 0.15 0.67 1.40 12.1 0.03 0.52 0.62 −7.06 −57.20 0.728289
RS – – 0.01 13.8 0.01 0.40 0.60 2.8 8.20 0.48 0.20 14.11 −6.40 −41.90 0.733440

Sept
A1 5.3
A3 1.3
C7 555 5.9 0.26

(0.07)
94.41
(0.0.64)

2.46
(4.65)

3.66
(0.52)

5.92
(0.04)

4.86
(0.16)

45
(0.90)

72
(1.60)

0.02
(1.04)

91.21
(1.14)

−7.70 −60.90 0.899082

C11 400 6.0 0.28
(0.03)

74.66
(0.06)

1.59
(0.45)

2.82
(0.04)

5.06
(0.01)

4.33
(0.04)

37
(0.18)

58
(0.01)

0.03
(0.60)

74.54
(0.13)

−8.04 −61.50 0.887884

C13 30 6.6 0.06 3.20 0.62 0.38 0.48 1.99 9 0.08 1.02 0.98 −8.16 −64.50 0.735014
Ref 35 6.5 0.10 4.09 0.74 0.28 0.77 1.67 11 0.03 0.01 0.77 −7.44 −59.10 0.728781
RS – – 0.01 4.39 0.01 0.25 0.45 3.40 4.20 0.02 0.02 0.57 −6.48 −64.6 0.717536

Oct
A1 2500 6.9 0.10 498 48.60 30.04 38.14 13.62 224 5.2 0.52 455 −10.99 −77.30 0.891377 5.4
A3 2690 6.2 28.59 576 49.93 26.96 23.85 11.82 184 4406 24.47 535 −11.08 −78.70 1.062433 1.3
C7 396 6.4 0.16

(0.05)
52.61
(0.25)

1.213
(1.41)

2.31
(0.11)

3.01
(0.01)

3.26
(0.05)

31
(0.25)

33
(2.87)

0.07
(0.07)

49.03
(0.33)

−8.53 −63.60 0.883408

C9 36 6.0 0.17 3.29 1.23 0.39 0.79 1.64 8.30 0.18 0.24 1.18 −9.32 −64.80 0.749095
C11 220 6.4 0.17

(0.09)
42.49
(0.45)

1.51
(2.37)

1.77
(0.10)

2.61
(0.03)

2.93
(0.10)

26
(0.46)

26
(5.57)

0.12
(0.12)

39.79
(0.64)

−8.67 −63.40 0.868923

C13 29 6.6 0.07 2.87 1.11 0.28 0.39 1.54 8 0.10 1.74 0.78 −8.23 −64.50 0.738275
C14 99 6.3 0.10

(0.02)
11.37
(0.10)

0.89
(0.50)

0.45
(0.07)

0.94
(0.01)

1.82
(0.06)

12.10
(0.20)

6.00
(0.55)

1.07
(0.32)

8.87
(0.27)

−8.70 −66.40 0.790796

(continued on next page)
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relatively higher Fe and SO4
2− concentrations in groundwater reflects

sulphide (pyrite, pyrrhotite, chalcopyrite, sphalerite) oxidation and to a
lesser extent, the weathering of danalite [(Fe4Be3(SiO4)3S]. High con-
centrations of dissolved Al, Be, K, Mg, Na and Sr in the groundwater
samples can be explained by the weathering of silicate minerals in-
cluding plagioclase, biotite, danalite, and K-feldspar whereas W origi-
nates from scheelite weathering (Hällström et al., 2019). The high pH in
the groundwater despite the influence of sulphide oxidation is due to
the relatively high carbonate (calcite) content (~6%) of the tailings.

For the surface waters, the highest dissolved ion concentrations are
recorded in samples downstream of the Smaltjärnen repository, vis-à-
vis C7, C11 and to a lesser extent, C14. Even though C13 is downstream
of the Morkulltjärnen repository, it records lower concentrations (ex-
cept W) relative to that of C7, C11 and C14, and has similar con-
centrations as C9 and Ref. This may be related to the fact that the
Morkulltjärnen repository is water-saturated and hence limiting sul-
phide oxidation. In general, the dissolved ions concentrations increase
from May to September and then declines in October. Similar to the
observed trend in the groundwater samples, dissolved Ca and SO4

2−

concentrations are the highest among all the chemical constituents in
the surface waters, coupled with a very strong and positive correlation
among them. Dissolved Ca concentrations varies from 1.4 to 94 mg/L,
with the highest value recorded at C7. For SO4

2−, the concentrations
range from as low as 0.5 mg/L at the Reference site to 91 mg/L at C7.
Indeed, a recent study by Hällström et al. (2019) indicates that the
molar ratio of Ca:SO4

2− in surface waters downstream of the Smalt-
järnen repository is similar to that of gypsum. Dissolved Sr concentra-
tions range from 4 to 45 μg/L, with C9 and C7 recording the minimum
and maximum values, respectively. The dissolved Fe concentrations are

low, with values ranging between 0.3 and 3 mg/L. Beryllium and W
also have very low concentrations with values ranging between 0.02
and 72 μg/L and 0.01–1.72 μg/L. With the exception of Fe and W, the
particulate contents of the surface waters for all the elements are very
low compared to their respective dissolved phases (Table 1, Fig. 9). The
particulate Fe contents range from 0.2–3.0 mg/L and are almost at par
(~1:1) with that of their dissolved phases. For W, the particulate phases
are generally higher than that of their dissolved phases, with values
ranging between 0.1 and 0.9 μg/L.

3.2. Isotopes: 18O, 2H and 87Sr/86Sr

Groundwater samples exhibit radiogenic 87Sr/86Sr signatures re-
lative to surface and rainwater samples. The 87Sr/86Sr ratios of the
groundwater show limited variation within the individual wells (A1
and A3) during the course of the sampling campaign. However, these
two wells have significant variance among them, reflecting the possi-
bility of different geochemical processes or sources. A3 has 87Sr/86Sr
values that range between 1.050450 and 1.078709, with an average of
1.063082 whereas values in the range of 0.889574 and 0.891391
(average of 0.890781) are recorded in A1. For the surface waters, the
87Sr/86Sr ratios return values between 0.720614 and 0.899082. Among
all the surface waters, C7 and C11 have the highest 87Sr/86Sr signatures.
Rainwater samples have 87Sr/86Sr values in the range of 0.717536 and
0.744672, with an average value of 0.732315. Interestingly, rainwater,
C9, C13 and Ref have very similar 87Sr/86Sr signatures.

The groundwater samples show insignificant seasonal variations in
their 18O and 2H isotope signatures. The 18O and 2H values range from
−11.08 to −10.86‰ and − 78.70 to −76.90‰, respectively. The

Table 1 (continued)

Sampling site EC
(μS/
cm)

pH Al Ca Fe K Mg Na Sr Be W SO4
2− 18O 2H 87Sr/86Sr DWT (m)

Ref 38 6.5 0.15 4.17 1.24 0.33 0.69 1.47 10.17 0.16 0.07 0.84 −8.30 −63.70 0.730332
RS – – 0.01 4.40 0.01 0.30 0.50 3.40 4.20 0.02 0.02 0.60 −7.98 −53.30 0.732315

RS = Rain water samples.
Depth of A1 = 6 m and that of A3 is 2.84 m. DWT = depth of water table (below ground level).

Fig. 3. Box plots representing the statistical summaries of pH and EC in ground and surface waters.
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month of October has the lowest 18O and 2H values whereas the
summer months of June and July have the highest values. In compar-
ison to the groundwater samples, the surface water samples show
considerable variation in their isotopic signatures with time. There is an
increase in the isotopic signatures from May to August with a sub-
sequent decline from September to October. The 18O composition
ranges from −11.08 to −7.06‰. On the other hand, the 2H signatures
range between −80.10 and − 57.20‰. The lowest 18O and 2H values
are recorded at C7 and the highest values at the reference site (Ref).
Rainwater samples also have isotopic signatures ranging from −7.98 to
−6.40‰ and − 64.60 to −41.90‰ for 18O and 2H, respectively. The
18O and 2H signatures recorded for October (18O = −53.30‰ and
2H = −7.98‰) represent the weighted average of all rainwater cov-
ering the duration of July to October.

4. Discussions

4.1. 87Sr/86Sr, 18O and 2H isotopes as evidence of mixing

4.1.1. 87Sr/86Sr isotopes
Variations in the dissolved Sr concentrations and 87Sr/86Sr ratios in

the groundwater and surface waters provide an opportunity to use it as
a tracer of mixing processes and potential geochemical controls on the
solute chemistry. This is possible because processes such as dilution and
mineral precipitation are considered not to fractionate the 87Sr/86Sr
ratio, but the resultant differences in isotopic signatures reflects mixing
of different sources of Sr with varied isotopic compositions (Faure,
1986). A plot of 87Sr/86Sr vs Sr concentrations (Fig. 4) shows a hy-
perbolic binary mixing (Faure, 1986) pattern with C7, C11 and C14
plotting between 2 end-members, A and B. End-member A is considered
to represent groundwater samples, specifically A3, indicating that the
groundwater from the Smaltjärnen repository actually recharges the
Smaltjärnen lake and subsequently influencing C7, C11 and C14. End-
member A has high 87Sr/86Sr and Sr concentrations. Generally,
87Sr/86Sr ratios in groundwater are considered to reflect the Sr-bearing
components in the host rock (or tailings in the case of this study) due to
chemical interaction between the groundwater and host rocks (Faure,
1986; Kim et al., 2003). The high 87Sr/86Sr ratios in the groundwater
indicate the weathering of radiogenic minerals such as biotite, musco-
vite and K-feldspar in the tailings. However, these observed signatures

are very low compared to analysed 87Sr/86Sr values (2.4448–5.8755) of
these minerals reported by Salifu et al. (2018a, 2018b). Furthermore,
radiogenic minerals are poor in Sr but rich in K. Hence, the observed
high 87Sr/86Sr and Sr concentrations cannot be attributed to these mi-
nerals alone. Ca-bearing minerals in the tailings such as calcite, plagi-
oclase and scheelite can also account for the high Sr concentrations but
their 87Sr/86Sr ratios (calcite = 0.71626, plagioclase = 0.71143,
scheelite = 0.70858) are also low compared to what is observed in the
groundwater samples. Therefore, the recorded 87Sr/86Sr ratios and Sr
concentrations of the groundwater reflect a mixture of Sr from the
weathering of both radiogenic and unradiogenic minerals in the tail-
ings. On the other hand, end–member B refers to surface waters not
affected by effluents from the Smaltjärnen repository (C9, C13, Ref) as
well as the weighted average for rainfall samples and has a contrasting
trend relative to that of end-member A, having low 87Sr/86Sr and Sr
concentrations. The close association of rainfall with relatively pristine
sampling sites indicates rainfall as the main source of these surface
waters.

Since C7, C11 and C14 lie on the mixing curve between the po-
tential end-members A and B, it allows for the calculation of the pro-
portions of each end-member to these mixed waters. However, the
choice of specific end-members is not straightforward because end-
members A and B are general and vary downstream, depending on the
mixing point. Hence, the mixing calculations are done in a sequential
order. For C7, A3 and rainfall are chosen as end-members A and B,
respectively. The choice of rainfall as an end-member at C7 is due to the
fact that it is considered as another source of water (except during the
snow melt in May) for all the surface waters including the Smaltjärnen
lake. In Sweden, snow melt is the major source of water to surface
waterbodies in May. In light of this, the 87Sr/86Sr value of the reference
sample (Ref) for May is used as the end-member (in May), which co-
incidentally is the same as the average rainwater value. At C11, the end-
members are C7 and C9 whereas at C14, C11 and C13 are chosen as the
end-members. The choice of end-members for C11 and C14 are based
on their hydrological locations, as depicted in Fig. 1. The fractional
contribution of each end-member to the two-component mixture is
estimated using a Sr mixing model (Graustein and Armstrong, 1983;
Faure, 1986):

Fig. 4. A plot of 87Sr/86Sr versus Sr concentrations for all water samples with C7, C11 and C14 indicating mixing between groundwater (A3) and other surface waters
(C9, C13 and Ref) as well as rainwater.
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= + +
[ Sr/ Sr] [Sr]

X{[ Sr/ Sr] [Sr] [1 X] {[ Sr/ Sr] [Sr] }
m

a a b b

87 86
m

87 86 87 86 (2)

where m refers to the mixture, with a and b representing end-members
A and B, respectively. X and (1-X) represent the fraction of Sr derived
from end-members A and B, respectively. Srm, Sra and Srb refers to the Sr
concentrations of m, a and b, respectively.

The proportions of the different end-members to the mixtures are
presented in Table 2. At C7, the contribution of groundwater (A3)
ranges from as low as 1% in May to a maximum of 14% in August. For
the mixture at C11, the contribution of C7 varies between 50 and 91%.
The proportion of C11 to the mixture at C14 ranges from 16 to 38%,
with June recording the highest contribution.

4.1.2. 18O and 2H isotopes
The 18O and 2H isotopes for ground and surface waters collected

from the study area are plotted in Fig. 5, together with the Global
Meteoric Water Line (GMWL) by Craig (1961). Considering that fact the
GMWL (δ2H = 8δ18O + 10) represents a best-fit regression line for all

global water samples, it may not reflect the local conditions at Yxsjö-
berg. This therefore requires the establishment of a Local Meteoric
Water Line (LMWL) for this study. To the best of the authors' knowl-
edge, there is no established LMWL for the Yxsjöberg area and its im-
mediate environs. In view of this, a LMWL (eq. 3) developed from the
average of 5-years cumulative precipitation data from Espoo in Finland
(Kortelainen, 2002) is used as the reference.

= +H 7.56 O 4.712 18 (3)

The LMWL from Espoo is chosen as the reference for the Yxsjöberg
area because they have similar latitude and altitude. In addition, they
have less variation in continental and seasonal effects. The 18O and 2H
values of rainfall in October, representing the weighted average of all
samples from July–October also plots on the Espoo LMWL in the 18O
e2H diagram, indicating the choice of the LMWL is representative of
the Yxsjöberg area.

All groundwater samples for the entire sampling campaign as well
as surface waters sampled in May (C7 and C13) form a tight cluster and
plot to the lowest end of the GMWL and LMWL. These samples are
interpreted to be of meteoric origin, most likely from the snow melt and
have not been exposed to evaporation. On the other hand, surface water
samples including the mixing points (C7, C11 and C14) from June to
October, are shifted away from the GMWL and LMWL, plotting on or
close to an evaporation line (δ2H = 5.26δ18O -20.80). The slope of 5.26
for the evaporation line is consistent with the global reported values,
ranging from 1 to 5 (e.g. Gonfiantini, 1986; Ghomshei and Allen, 2000).
Surface waters plotting at the intercept of the LMWL and the eva-
poration line (δ 18O = −11.10‰), represent their original isotopic
signatures prior to undergoing evaporation. Hence, the observed shift in
isotopic signatures of the surface waters, specifically C7, C11 and C14,
from the LMWL can be partially explained by the fractionation-inducing
process of evaporation. Rainwater samples also show considerable en-
richment in their 18O and 2H signatures as the surface waters. During
the summer of 2018, Sweden recorded one of its highest temperatures
in recent years (SMHI, 2018) and this may have influenced the rainfall
isotopic values. Evaporation during rainfall can lead to the shift from
the LMWL (Friedman et al., 1962). By inference, enrichment in the 18O
and 2H of the surface waters can be partially explained by the influence
of evaporated rainwaters.

Table 2
Sequential mixing proportions using 18O, 2H and 87Sr/86Sr isotopes. Units are in
percentage (%).

Isotope Month Contribution of
A3 to C7

Contribution of
C7 to C11

Contribution of
C11 to C14

87Sr/86Sr May 1.2 70 n.c
June 8 50 38
July 9 91 16
Aug 14 90 n.c
Sept n.c n.c n.c
Oct 12 76 22

18O and 2H May n.c n.c n.c
June 8 (34) 49 b.d
July 11 88 56
Aug 17 90 n.c
Sept n.c n.c n.c
Oct 11 (18) 82 b.d

b.d = beyond the resolution of the isotope; n.c = not calculated due to of lack
of data. Numbers in brackets refer to mixing proportions calculated using dif-
ferent end-members (see section 4.1.1.3. for details).

Fig. 5. A plot of 18O versus 2H for all ground, surface and rain water samples. Local Meteoric Water line (LMWL) is from Kortelainen et al. (2002).
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Aside evaporation, isotopic exchange can also influence the ob-
served enrichment in the 18O signatures, especially at C7 and C11 from
June to October relative the groundwater samples. During hydrolysis
and subsequent precipitation of Fe as Fe(III)-(oxy) hydroxides (see
section 4.2.1), the resulting product (i.e. Fe-oxyhydroxides) becomes
enriched in the heavier 18O (Spangenberg et al., 2007). Plausible O-
exchange between water and the Fe-oxyhydroxides may contribute to
the resulting shift in the 18O signatures towards higher values relative
to their original isotopic composition. Even though oxygen isotope-
exchange can influence the 18O signatures, it is most likely to be
overprinted by evaporation.

Similar to Fig. 4, the 18O - 2H plot also suggests that C7, C11 and
C14 are mixtures of groundwater and other surface waters. Using the
same end-members for C7, C11 and C14 as was done for the Sr calcu-
lations, the mixing proportions are calculated using the equation (Pang,
2006):

= +X (1 X)am b (4)

where δm, δa and δb represent the 18O or 2H isotope ratios for the
mixtures and end members A and B, respectively. X and (1-X) represent
the fraction of 18O or 2H derived from end members A and B, respec-
tively.

Based on eq. 4, the proportions of groundwater (A3) to C7 ranges
from 11 to 17%. The subsequent contribution of C7 to C11 varies be-
tween 49 and 90%. At C14, the only calculated contribution of C11 to
the mixture is 56% (Table 2). Generally, there is a good agreement
between the mixing proportions using the different isotopic systems.
The few exemptions especially for C7 in June and October, maybe
linked to the choice of inaccurate rainwater 18O values as an end-
member. The rainwater value used for the mixing calculations in June
was that of July (18O = −7.83‰) and may not reflect the true con-
ditions. Using a lower rainfall value of −8.6‰ for June, results in a
contribution of 8%. Similarly, the 18O value used as rainwater end-
member in October was −7.98‰. However, this value represents the
average of all rainwater samples from July–October. Choosing a slightly
lower value (−8.20‰) also results in an approximate contribution of
11%, which is consistent with the calculated values using 87Sr/86Sr and
Sr concentrations.

4.2. Evaluating the consistency of the isotopic mixing calculations

To evaluate the consistency of the isotopic mixing calculations, a
simple mathematical model (hereafter known as model data, MD) is
proposed. The MD is based on the simple premise that the sum of the
fractional contributions (calculated using the isotopic data) of each end-
member multiplied by their respective concentrations (Eq. 8) should be
comparable to the dissolved ion concentration or measured raw data
(hereafter also known as raw data, RD) of the mixing point.

= +MD [(concentration isotopic fraction) (concentration isotopic fraction) ]a b

(8)

Where a and b refer to end members A and B, respectively.
The results of the MD and RD for the different elements at the

mixing points are shown in Fig. 6. The MD and RD show a strong
agreement with each other for all elements (except for Fe) at C11 and
C14 during the entire sampling months (Fig. 6). The ratio of the MD to
the RD (MD/RD) for all elements at C11 and C14 ranges between 0.7
and 1.4 (Fig. 7), with an average ratio of 1. The average ratio of 1
further indicates the close association between the MD and RD for these
mixing points. The consistency between the MD and RD at C11 and C14
suggests that the isotopic mixing calculations for these points are ac-
curate. Mixing point C7 on the other hand, displays a different trend,
with the MD higher than the RD for all elements from June–October,
but show a good fit in May with that of C11, when their lowest values
are recorded (Fig. 6). The similarities in the MD and RD values for C7
and C11 in May is consistent with the fact that they have a common

source, which is the snow melt. Indeed, the mixing calculations indicate
that the contribution of groundwater (A3) to C7 in May is very small
(~1%), suggesting that the major source of water during this time is the
snow melt. The large contribution of the snow melt leads to dilution
and explains the recorded low values for both the RD and MD in May
relative to the other months (June–October) for all the mixing points.
An increase in the contribution of A3 to C7 from 8 to 17% between June
and October results in a corresponding stepwise increment in the values
of both the MD and RD for all elements, albeit increased variation be-
tween the MD and RD (average MD/RD ratio of ~7). These high ratios
indicate considerable differences between the MD and RD. Strontium
and Mg, are however, exceptions to this trend as they exhibit insig-
nificant variations between their MD and RD (Fig. 6). The potential
geochemical factor (s) influencing the variations between the MD and
RD for various elements at C7 between June and October are discussed
in the following section.

4.2.1. Al and Fe
Aluminium and Fe exhibit similar trends with respect to their MD,

recording considerable differences between their MD and RD (Fig. 6).
These observed patterns are coupled with a reduction in pH, with an
average value of 5.8 relative to that of A3 (~pH = 6.4). This is related
to the change in redox (from reducing to oxidizing) conditions, which
leads to the possible precipitation of Fe as an Fe(III)-(oxy)hydroxide
(Nordstrom, 1982) and subsequent release of acidity (latent acidity).
Fig. 8 shows a plot of the ratios of the dissolved/particulate phases for
Fe versus pH with the aim of understanding the geochemical controls
on the observed trends in pH and variations between the MD and RD at
C7 for the different sampling months. Mixing points C11 and C14 have
also been included for purposes of comparison. Generally, 3 distinct
groups (I, II and III) of waters, are observed.

Group I consists of C7 and C11 samples for the month of May,
having the highest dissolved/particulate ratios and a low pH
(pH = 5.0–6.0). The high dissolved/particulate ratios are indicative of
the very low and large contributions of the groundwater and snow melt,
respectively, whereas the low pH is related to organic acids due to wash
out of mires and forest during the snow melt. Group II samples consist
mainly of C7 and C11 samples from June to September, simultaneously
possessing low pH (5.2–5.9) and dissolved/particulate Fe ratios. When
Fe2+-rich mine impacted groundwater reaches the surface and mixes
with oxygenated water, it may undergo oxidation and hydrolysis, re-
sulting in the formation of Fe(III)-(oxy)hydroxides and acidification due
to changing redox conditions. The processes of hydrolysis and pre-
cipitation have been reported to be major producers of acidity
(Nordstrom, 1982) and adsorbent for several metals and metalloids
(e.g. Hudson-Edwards and Wright, 2011; Alakangas and Öhlander,
2006). Therefore, the low RD relative to the MD for Fe C7 and C11,
coupled with the reduction in pH may be partially related to the pre-
cipitation of Fe (III)-(oxy)hydroxides. It is important to note that the
particulate Fe phases (and probably all elements) at C11 are likely ar-
tefacts from C7 as it flows downstream. Similarly, Al exhibits limited
solubility at pH between 5.4 and 7.5 and will precipitate to form
amorphous Al(OH)3 or to microcrystalline gibbsite (Bigham and
Nordstrom, 2000).

No mineralogical characterisation was carried out on the particulate
phases but geochemical equilibrium modelling of surface water samples
from C7 using PHREEQC (Parkhurst and Appelo, 2013) and MINTEQ
database (Allison et al., 1991) indicates super saturation with respect to
goethite but under saturated with respect to potential Al phases, in-
cluding amorphous Al(OH)3 or gibbsite. This can be attributed to the
fact that Al will potentially precipitate either in the groundwater or
underneath the tailings due to the relatively high pH. Group III consists
mainly of C14 samples and October samples for C7 and C11, possessing
high pH and low dissolved/particulate ratios of Fe. The high pH at C14
originates from the carbonate buffer from C13 whereas the low dis-
solved/particulate Fe ratios reflects dilution (from the C13 and autumn
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Fig. 6. Comparison of the model data (MD) and raw data (RD) for the different elements at C7, C11 and C14 from May–October. The MD and RD for C11 and C14
show a good fit whereas those of C7 display differences.
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rainfall) and influence of particulate phases from C7 and C11.
To determine whether the difference between the MD and RD for Al

and Fe at C7 between June and October can be explained by the par-
ticulate phases, the sum of the RD (dissolved phase) and particulate
phase are compared to the MD. The sum of the two phases for Al (data
not shown) does not match up to the MD. On the other hand, the sum of
the RD and particulate phase for Fe is approximately equal to the MD
(except for October), with an average difference of± 0.2. In view of
this, it is reasonable to assume that the particulate phases are mainly
represented by the Fe (III)-oxyhydroxides and thus, the resulting dif-
ference between the MD and RD is mostly due to these Fe precipitates.
Although it is also possible for some of these elements to settle as
particles to the bottom of the Smaltjärnen lake by gravitation prior to
reaching C7, this may act only on the particulate or adsorbed phase of
the elements (Imboden and Schwarzenbach, 1985). Therefore, the
average difference of± 0.2 between the MD and the sum of the dis-
solved and particulate Fe phases implies that the amount of particles
potentially settling to the bottom of the Smaltjärnen lake maybe small.

4.2.2. Ca, K, Na and SO4
2−

Calcium, K, Na and SO4
2− also show variations between their MD

and RD, and this trend is more pronounced with respect to Ca and
SO4

2− (Fig. 6). Similarities in the patterns of the MD and RD for Ca and
SO4

2−, points to a possible precipitation of gypsum but geochemical
modelling of the water samples indicates under saturation with respect
to gypsum. This is supported by the findings of Hällström et al. (2019)
which suggests that the molar ratio of these surface waters are con-
sistent with that of gypsum dissolution. Alternatively, the variations
between the MD and RD for Ca, K and Na may be due to fact that they

can be scavenged by Fe (III)-oxyhydroxides. Several studies (e.g. Ingri
and Widerlund, 1994; Fortin et al., 1993; Scholkovitz and Copland,
1982) have shown that alkali and alkali-earth elements including Ca, K,
Mg and Na exhibit affinity for Fe-oxyhydroxides surfaces. For example,
electron microprobe analyses of the suspended particles in the Kalix
River detected the presence of elements such as Ca, Na, K, Al, Mg and S
in the Fe-rich phase (Ingri, unpublished data). These elements may be
directly adsorbed on the Fe-oxyhydroxides surfaces or their uptake are
enhanced by the coating of the Fe-oxyhydroxides surfaces by organic
matter (Scholkovitz and Copland, 1982). The precipitation of Fe-oxy-
hydroxides and the high dissolved organic carbon (DOC) content at C7
(~12.3 mg C/L) suggests the possible uptake of these elements by either
of the aforementioned mechanisms. That notwithstanding, the parti-
culate Ca, K, Na and S contents at C7 are very low (Table 1; Fig. 9) and
less than 4% of their respective dissolved phases (i.e. the RD). These
results are in agreement with the conclusions of Scholkovitz and
Copland (1982) and Kinniburgh et al. (1976), who suggested that at
pH<6, the adsorption of these cations onto Fe-oxide particles is less
than 5% of their respective dissolved phases, and may have less effect
on the dissolved ion concentrations. Furthermore, the sum of the par-
ticulate and dissolved phases of these elements (data not shown) are
less than that of the MD. Hence, the particulate phases cannot explicitly
account for the significant differences between the MD and RD, as is the
case for Fe. The Smaltjärnen tailings, with a pH range of 7.3–7.7 in its
saturated zone, are deposited on peat (Rothelius, 1957). Peat has a low
saturated hydraulic conductivity (10−3 - 10−2 cm/s) (Bear, 1972),
which implies that the transport time of groundwater through the peat
(as well as the tailings) to the Smaltjärnen lake may take a long time. In
addition, the increased pH results in the surface charge of the peat
becoming more negative as surface functional groups (on the peat)
deprotonate (Sparks, 2005). It is therefore hypothesised that these ca-
tions (Ca, K, and Na) may have been mainly scavenged through cation
exchange by the peat during their transport to the Smaltjärnen lake.
Furthermore, results from a recent study based on sulphur (δ34SSO4) and
(δ18OSO4) isotopes by Salifu et al. (2019) suggested the occurrence of
bacterial sulphate reduction (BSR) in the bogs and swamps underneath
the tailings, where reducing conditions are likely to occur during the
course of the year. The occurrence of BSR results in the reduction of the
SO4

2− concentrations and this may explain the variations between the
MD and RD for SO4

2− at C7.

4.2.3. Be and W
Beryllium also exhibits a similar pattern as Al and Fe (Fig. 6), with

considerable differences between the MD and RD. The average MD/RD
ratio for Be is 13 (data not shown), indicating that a large proportion of
Be is lost prior to reaching C7. The mobility and solubility of Be, par-
ticularly in surface water, is quite complicated due to the fact that it can
form complexes, for example, with organic ligands and F, adsorbed

Fig. 7. (a) A plot of the MD/RD ratios for all elements at C7, C11 and C14 (b) magnified plot for the range of values for the MD/RD ratios for C11 and C14 in (a). The
dashed line represents the range (0.7–1.4) of the MD/RD for C11 and C14 whereas the solid line indicates a 1:1 relationship between the MD and RD. Note: The
location of C7 together with C11 and C14 samples in May is due to the snow melt as the common source of water.

Fig. 8. A plot of pH versus the ratio of dissolved / particulate Fe at C7, C11 and
C14.
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onto Fe-oxyhydroxides or precipitate as Be-hydroxide (Be(OH)2) (e.g.
Boschi and Willenbing, 2016; Navrátil et al., 2002). Similarities in the
pattern of the MD of Be and Fe suggests the possible adsorption of Be
onto Fe-oxyhydroxides, which has been reported to be enhanced at pH
between 4 and 6 (Boschi and Willenbing, 2016). However, the Be
content in the particulate phase is very small (Table 1; Fig. 9) to ac-
count for the relatively large differences between the MD and RD.
Beryllium precipitation as Be(OH)2 may not also be a likely process at
C7 because this reaction usually occurs at pH ≥ 7, which is in contrast
to the current recorded pH range of 5.2–6.4. Preliminary results from a
companion study (Hällström et al., in preparation) involving Be mobi-
lity in the surface waters, vis-à-vis C7 and C11, indicate that the pos-
sible complexation of Be with F and organic matter remains in solution
and enhances it mobility. That notwithstanding, further and detailed
research will be needed to conclude on this. Beryllium has been clas-
sified as a huminophilic element due to its strong absorption by peat,
especially at pH of 6–7 (Eskenazy, 1970). Therefore, it is most likely
that majority of the Be may have been absorbed by the peat beneath the
tailings, prior to reaching the Smaltjärnen lake or C7.

Tungsten also portrays a trend with the MD higher than that of the
RD and a higher average MD/RD ratio of 21 (data not shown). In
contrast to that of Be, majority of the W is in the particulate phase due
to the fact that W is an oxyanion and may be preferentially adsorbed
onto and/or co-precipitated with Fe-oxyhydroxides at the relatively low
pH (e.g. Davantès et al., 2015; Dzombak and Morel, 1990; Gustafsson,
2003) recorded at C7. Similar findings have been reported by Hällström
et al. (2019) in the same surface waters in the study area. In comparison
to Fe, the sum of the dissolved and particulate W phases is less than the
MD. At circumneutral to alkaline pH (6.5–7.5) waters consistent with
that of the saturated zone of the tailings, W occurs as monomeric
tungstate oxyanion, WO4

2− (e.g. Gustafsson, 2003; Sun and Bostick,
2015). A recent study by Cui and Johannesson (2017) has shown that
WO4

2− can be adsorbed onto pyrite, potentially forming inner-sphere
complexes (Goldberg et al., 1993). Pyrite constitutes approximately
0.1 wt% of the tailings (Hällström et al., 2018) and is hypothesised that
some of the W (in the form of WO4

2−) is potentially adsorbed by the
pyrite during its transport to the Smaltjärnen lake or C7. In addition, W
is a heavy element (with a density of 19.25 g/cm3) and can therefore
also easily settle to the bottom of the lake prior to reaching C7.

4.2.4. Environmental applications and significance
The strong agreement between the MD and RD for C11 and C14 for

the entire sampling months suggests that the isotopic mixing calcula-
tions, are most appropriate for open systems such as surface waters. On
the other hand, even though 18O, 2H and 87Sr/86Sr are considered to be
efficient in quantifying mixing proportions, the variations between the
MD and RD at C7 suggest that results of mixing calculations involving a
closed system such as groundwater (as an end member) must be treated
with caution. For instance, processes such as mineral dissolution and
isotopic exchange are considered to modify the 87Sr/86Sr ratios in water
depending on the isotopic composition of the reacting phases (Shand
et al., 2009). Thus, the Sr isotopic ratio in water may be a function of
the weathering rate of the mineral and the efficiency of exchange
(Åberg et al., 1989). This implies that depending on the 87Sr/86Sr
composition of the peat (most likely a lower value than that of the
groundwater) beneath the tailings and the extent of the isotopic ex-
change during the groundwater transport to the Smaltjärnen lake, the
87Sr/86Sr ratios may change. Similarly, bacterial sulphate reduction can
also alter the 18O signatures. These processes can therefore result in the
mixing proportions being underestimated or overestimated (in the case
of this study), subsequently influencing the variations between the MD
and RD at C7. Based on the results of the MD, RD and aforementioned
geochemical processes, it is recommended that the application of iso-
topic mixing calculations involving closed systems such as ground-
water, especially in low temperature environments must be coupled
with detailed knowledge of the potential hydrogeochemical processes

along its flow paths.

4.2.5. Limitations of the mixing analysis and the simple model
As previously discussed under section 4.1.1.3, the 18O rainwater

value used for the mixing calculations at C7 in June (no data available)
was that of July (18O = −7.83‰), resulting in a groundwater con-
tribution of 34% to C7, which might not reflect the real conditions for
June. Therefore, based on the mixing proportions calculated using the
87Sr/86Sr and Sr concentrations, a lower 18O rainfall value of −8.60‰
was used, resulting in a contribution of only 8% (Table 2), which is
approximately equal to the obtained proportions using the 87Sr/86Sr
isotopes. In the same light, the 18O value used as rainwater end-member
in October was −7.98‰, which resulted in a contribution of 19%.
However, this value (−7.98‰) was actually a representation of the
average of all rainwater samples from July to October. Choosing a
slightly lower value (−8.20‰) also resulted in a reduction of the
contribution to 11%. Thus, the 18O rainwater values were varied by
0.77‰ (for June) and 0.22‰ (for October), representing approxi-
mately 9 and 3% change in isotopic value, respectively, which coin-
cidentally fall within the limits of the calculated uncertainty
of± 0.80‰ (data not shown, n = 4) in the 18O rainwater data. These
variations resulted in a reduction of the groundwater mixing propor-
tions (by 26 and 7‰ for June and October, respectively) at C7. In ad-
dition, some of the mixing calculations were beyond the resolution of
the 18O and 2H isotopes, producing values that were either less than 0
or exceeding 100%. In view of these aforementioned limitations, the
values from the estimated mixing proportions using the 87Sr/86Sr ratios
were considered the most reliable and further used in the MD calcula-
tions. This suggests that only one tracer was “apparently” used for the
mixing estimates, which has the potential of increasing the un-
certainties in the mixing analyses.

In order to reduce these limitations and/or potential uncertainties
associated with the mixing analyses and subsequently on the MD, the
number of tracers (multi-tracer approach) can be increased, even
though is beyond the scope of this study. For example, several studies
(e.g. Moeck et al., 2017; Popp et al., 2019) have shown that the use of
multiple, diverse tracers with different geochemical behaviour offers
more insight and robust approach to quantifying water mixing. A tracer
such as 4He may be a useful addition in the case of this study due to its
inert nature and considerable success in estimating water mixing (e.g.
Popp et al., 2019). For the MD, the primary limiting factor is the
identification of the right number of end-members and their respective
contributions to the resulting mixture. These limitations can also be
reduced by increasing the number of tracers.

5. Conclusions

• The contribution of the groundwater in the Smaltjärnen tailings to
the solute load at C7 is relatively small, ranging from 1 to 17%.
These contributions generally increase from May to August and then
decline in October.
• The good agreement between the MD and RD with respect to C11
and C14 attests to the accuracy of the mixing calculations.
• Differences between the MD and RD at C7 suggest a low ionic
contribution of the groundwater to the solute loads downstream due
to removal processes during transport to the surface water (C7).
These processes include adsorption of dissolved ions onto pyrite (in
the case of W), adsorption by peat (for Be, Ca, K, Na) and bacterial
sulphate reduction (for SO4

2−) underneath the tailings as well as
precipitation of Fe (III)-oxyhydroxides either at the Smaltjärnen lake
or at C7, resulting from the change in redox conditions.
• The low ionic contribution suggests that despite the potential ne-
gative environmental concerns associated with the tailings im-
poundment, its impact on the downstream surface waters is low.
• In addition, elements such as W may partially settle to the bottom of
the Smaltjärnen Lake as particles due to their high density, albeit in
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small amounts. Hence, the lake may be serving as a form of clar-
ification pond.
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