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Abstract An emerging solution in mine waste remediation is the use of biological processes, such as
microbial sulfate reduction (MSR), to immobilize metals, reducing their bioavailability and buffering the pH of
acid mine drainage. Apart from laboratory tests and local observations of natural MSR in, for example, single

wetlands, little is known about spati poral ch istics of MSR from multiple I within

entire hydrological catchments. We here applied an isotopic fractionation (§*S values in SO,>-) and a Monte

Carlo-based mixing analysis scheme to detect MSR and its variation across two major mining regions (Imetjoki,
Sweden and Khibiny, Russia) in the Arctic part of Europe under different seasonal conditions. Results

indicate a range of catchment-scale MSR values in the Arctic of ~5%—20% where the low end of the range

was iated with the £ d terrain of the Khibiny catchment, having low levels of
dissolved organic carbon (DOC). The high end of the range was related to vegetated conditions provided by the
Imetjoki catchment that also contains wetlands, lakes, and local aquifers. These prolong hydrological residence

times and support MSR hot spots reaching values of ~40%. The present results additionally show evidence of
MSR persistence over different seasons, indicating large potential, even under relatively cold conditions, of
using MSR as part of nature-based solutions to mitigate adverse impacts of (acid) mine drainage. The results
call for more detailed i garding p ial field-scale correl between MSR and individual
landscape and hydroclimatic characteristics, which, for example, can be supported by the isotopic fractionation
and mixing scheme utilized here.

1. Introduction

sulfate

duction (MSR) has i ingly been investigated for its potential to immobilize metals and
reduce their bioavailability while also increasing the pH of acid mine drainage (AMD;, e.g., Nielsen et al., 2018).
The process involves microbes (bacteria and archaea) converting sulfate into sulfide that together with toxic
dissolved metals precipitate into less mobile forms. Laboratory bioreactor experiments on MSR show a metal
retention of 70% or more under favorable conditions (e.g., Sinharoy et al., 2020; Zhang & Wang, 2016). The activ-
ity depends on several factors, such as (bioavailable) carbon and sulfate supply, oxygen level, pH, and temperature
(Xu & Chen, 2020). MSR has also been observed in the field at certain locations and time periods, for example,
in individual wetlands or near tailing deposits at particular points of time (Mandernack et al., 2000; Praharaj &
Fortin, 2004). Recently, Fischer, Jarsjo, et al. (2022) additionally showed evidence of ongoing and considera-
ble MSR in multiple locations (so-called “hot spots™) within an AMD-impacted catchment (Imetjoki, Northern
Sweden), which is essential if MSR is to be used as an effective mitigation solution for spatially extensive mining
sites and their downstream regions. However, large knowledge gaps remain regarding catchment-scale MSR in
freshwater systems, where specific catct and ditions could differ ly from site to site.
It is therefore not known to what extent MSR more generally could provide a basis for viable bioremediation,
for i as part of nature-based for sites i d by (acid) mine drainage across the world. This
includes the Arctic, which counts as one of the world's larger mining regions with numerous examples of large-
scale mine drainage development, and where cold conditions and ity may hamper the activ-
ity of freshwater sulfur-reducing microbes (SRM).

p

Current evidence shows that point locations which are relatively favorable for MSR contain soil and sediments
with sufficiently high organic matter content to support the metabolism of SRM, and that they are associated with
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wetlands, lakes, or groundwater systems that prolong hydrological residence times and the general contact time
for SRM (Hampton et al., 2019; Lindstrom et al., 2005). Such characteristics are found in the Imetjoki catchment
where relatively high catchment-scale MSR was detected through a summer (August) field campaign (Fischer,
Jarsjo, et al., 2022). Here, we hypothesize that in contrast, low-MSR catchments should have relatively limited
vegetation/forest cover and steep topography that limits the number of lakes and wetlands as well as reduces resi-
dence times and therefore also SRM contact times. A northern European example of this is the Khibiny region
in northwestern Russia where an active apatite mining complex is located (Efimov et al., 2019). The Khibiny
catchments have been increasingly industrialized and polluted as a result of more than 90 years of ore extraction
(Malinovsky et al., 2002).

Apart from impacts on MSR by regional topography and land cover conditions, it is reasonable to assume that
MSR is imp d by the lity of hydroclimatic conditions. For instance, laboratory experiments generally
show increased microbial activity with higher temperatures (e.g., Pellerin et al., 2020) although steady-state batch
tests have shown that cold-tolerant bacteria may successfully reduce metal concentrations (Nielsen et al., 2018;
Virpiranta et al., 2019). Field studies in li show indications of locally i d MSR during
warmer summer periods (e.g., Praharaj & Fortin, 2004) although there are also reports on potentially high MSR
levels during the winter (e.g., Bjorkvald et al., 2009; Fortin et al., 2000). Colder regions furthermore have a strong
seasonal effect in runoff ion (e.g., frozen ditions vs. spring flood), implying that the mixing of water
from different landscape compartments differs greatly over the year. This, together with annual fluctuations of
water temperature, fundamentally changes the ambient conditions for SRM, supporting our working hypothesis
that large-scale MSR values should vary over a hydrological year. A better understanding of the magnitude of
such potential large-scale seasonal variations would be desirable in assessments of the overall effectiveness of
MSR as a suitable mitigation solution. For the Arctic, for example, the suitability would most likely be related to
whether or not the measures would be efficient for only a few favorable months per year.

The degree of MSR detected in water samples from catchments can be calculated using the isotopic fractionation
model developed by Fischer, Jarsjo, et al. (2022). The method is based on the fact that sulfur isotope composition
(of 8*S in SO,") in surface water shows a distinct signal from SRM preferentially taking up *S during sulfur
reduction while leaving *S in the remaining sulfate. To quantify for the first time the large-scale MSR sensitivity

to contrasting catch and conditi we apply the isotopic fractionation model by Fischer, Jarsjo,
et al. (2022) onto two major cold-climate mining-impacted regions: the Imetjoki catchment in northern Sweden
ining the at d N: copper mines (where ambient conditions were shown to be favorable for

MSR during summer) and the actively mined Khibiny catchments on the Kola Peninsula, Russ
aim to quantify the large-scale MSR under (a) c iti (i.e., spatial characteristics) of
Imetjoki and Khibiny, and (b) ing ditions (i.c., P che istics) in Imetjoki, extend-
ing snapshot observations of high MSR in late summer (Fischer, Jarsjo, et al., 2022) with observations during

less-favorable snowmelt conditions in spring.

ia. Specifically, we

2. Materials and Methods
2.1. Site Descriptions

The Imetjoki catchment in northern Sweden covers 6.6 km? (Figure 1a-1c) and is underlain by igneous bedrock
with sulfide deposits hosting iron oxide-copper-gold (IOCG) mineralization (Martinsson et al., 2016). Copper
was mined mainly in five deposits distributed over the Imetjoki catchment. The mining operations were carried
out between 1902 and 1908, resulting in about 20,000 ton of untreated mine waste still remaining on the site
lluting the nearby i (Fischer et al., 2020). The annual average P was —1.6°C (
variation of 11 to —13°C) and the annual average precipitation was 560 mm/yr between the years 1993 and 2017
(Fischer et al., 2020). Annual average actual evaporation was 260 mm/yr (Fischer et al., 2020) and about 200 days
per year were snow covered during the same time period (Berglov et al., 2015). Forest and wetlands cover most of
the Imetjoki catchment areas (SGU, 2020), except for the former so-called “Industrial area” where freely exposed
tailings prevent revegetation (see also the detailed site characterization in Fischer et al., 2020).

The Khibiny alkaline massif on the Kola Peninsula (Figure 1d) consists of igneous rocks with titanite and
apatite-nepheline deposits (Kogarko, 2018). The massif is surrounded by two larger lakes: the Umbozero Lake to
the east and the Imandra Lake to the west with lake areas of 320 and 880 km?, respectively (Figure 1; Dauvalter
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Figure 1. Map showing (a) the location of the two mining areas in northern Fennoscandia, namely (b) the Imetjoki
copper mines and (d) the Khibiny massif with (e) the two i
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& Kashulin, 2010; Dinu et al., 2020). The Khibiny mountain valleys (Figure 1e) are characterized by sandy till
deposits and a forest-tundra ecosystem, while the higher plateaus (with mountain peaks up to 1000 m above the
Umbozero and Imandra Lakes) hold mostly weathered rocks and Arctic tundra (Pereverzev, 2010). The average
annual temperature for the Khibiny massif was —0.59°C between 1993 and 2017 according to the data from the
Climatic Research Unit (CRU) at the University of East Anglia described by Harris et al. (2014; see Support-
ing Information S1 on details). For the same time period, the annual average precipitation was 715 mm/yr and
annual average actual evapotranspiration was 290 mm/yr (based on CRU data and same calculation procedure
as for the Imetjoki catchment). About 210 days per year were snow covered between 1998 and 2007 (Callaghan
et al., 2011). The southwestern part of the Khibiny massif is drained by the Belaya River that has a catchment
area of 142 km? and an average annual discharge of 1900 I/s (ID 22 in Figure 1; derived from CRU data following
the water balance calculation steps of Fischer et al., 2020) before reaching the Imandra Lake. Furthermore, the
Belaya River (main branch) starts at the outlet of the Bolshoy Vudyavr Lake gathering tributary inflows from
the Yuksporiok, Saamsky, and Vudyavriok sub-catchments (Figure le). The southeastern part of the massif is
drained by the Vuonnemiok Stream with an annual average discharge of 1300 I/s (ID 25 in Figure 1; based on
water balance calculations) that empties in the Umbozero Lake. Kirovsk City is the main settlement in the Khib-
iny massif where there are five apatite-nepheline ore deposits (Figure 1e) that have been actively mined since the
1930s. They are now owned by the company PhosAgro. The mining activity has led to elevated surface water
concentrations of strontium (Sr) and aluminum (Al), as well as copper (Cu), zink (Zn), nickel (Ni), and chromium
(Cr) in the Yuksporiok and Vuonnemiok basins (Efimov et al., 2019; Malinovsky et al., 2002). The Kola Penin-
sula also hosts several Cu-Ni ore smelters that have for decades emitted large volumes of sulfur dioxide into the
air resulting in acid rain and high sulfur and metal heric deposition (Moi ko & Bazova, 2016).

2.2. Field Campaigns and Analyses

Surface water sampling and measurement campaigns were conducted in the Imetjoki catchment in the spring (end
of May during snowmelt) and in the late summer (end of August) of 2017. Apart from element concentrations
and general water quality parameters (e.g., pH, dissolved organic carbon, etc.; presented in Fischer et al., 2020),
sulfur isotopes (5%Sg,, values in SO,>") were measured. In total, 11 locations were sampled for sulfur isotopes
and sulfur concentrations in the spring and 13 locations were sampled in the summer (the latter used here for
comparison, being presented in Fischer, Jarsjo, et al., 2022). Nine pli ions were for both
campaigns. The sampling locations were distributed over the upstream areas (undisturbed by mining; IDs 1-2
in Figure 1), the mining site itself (directly affected by AMD; IDs 3-9), and downstream of the mining site (IDs
10-12, 14). Two adjacent rivers were also sampled for reference (IDs 13, 15). The same sampling and analysis
procedures were followed in both the spring and summer campaigns as described in Fischer, Jarsjo, et al. (2022),
making the results directly comparable. The sulfur isotopic composition was determined from collecting 2L
water samples that were dripped through ion exchange resin columns to collect the sulfate in water and for easier
transportation to the laboratory. Instrumental analyses were carried out with an elemental analyzer (CarloErba
NC2500) coupled to a stable isotope ratio mass spectrometer (Finnigan Thermo Delta plus; analytical accu-
racy was +0.2%o) at the laboratories of the Department of Geological Sciences at Stockholm University. Sulfur
isotopes are reported in parts per million (%o) through the §-notation relative to the Vienna-Canyon Diablo Troi-
lite (V-CDT) standard:

Ruanpic
Ssampte(%0) = (—’“ = 1) 1000 m

Rutandara
where R represents the *S/%2S ratio.

Surface water was sampled from rivers draining the Khibiny massif in late August in 2017 using an equiva-
lent sampling strategy as the one performed in the Imetjoki catchment (following Fischer et al., 2020; Fischer
et al., 2022). More specifically, the Belaya h and Vi iok h were d within three
zones: the upstream areas unaffected by the mining sites (IDs 16-19, 23 in Figure 1), the mining areas compris-
ing the mine effluents (IDs 20-21, 24), and the downstream areas (IDs 22 and 25). An additional sample was
collected from the Umba River (ID 26; draining the Umb Lake h ), which corresponds to about
30 km do of the Vi iok h
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2.3. Isotopic Fractionation and Mixing Scheme

Both the Imetjoki and Khibiny catchments were assumed to have two major sulfur isotopic end-members:
sulfur from atmospheric deposition (,,,; composed of sulfur from both sea spray and fossil fuel emissions) and
geogenic sulfur from weathered bedrock (8,,,). This allowed us to apply the sulfur isotopic fractionation and
mixing scheme developed by Fischer, Jarsjo, et al. (2022) to quantify MSR and its variation within each site.
The quantifications are made based on stream water samples from which net MSR values are estimated. These
MSR values reflect net (downstream) impacts of local MSR along the sub-catchment's flow paths, some of
which may support considerable MSR (e.g., flow paths through wetlands or deep groundwater), whereas other
may not support MSR or have negligible MSR only (e.g., fast macropore flow through upper soil layers or water

from melting snow). In summary, the method compares stream water field (rep g P
post-MSR conditions) with theoretical predictions derived from sulfur end mixing (rep ing initial
or pre-MSR conditions). Deviations between these two are assumed to be due to MSR. Although other microbial
processes apart from MSR could contribute to isotopic deviations, they either represent only smaller/negligi-
ble fractionation (e.g., assimilatory sulfate reduction; Sharp, 2017) or they can be registered only when sulfur
concentrations are much higher (e.g., sulfur disproportionation in marine/lab y i Bottch
et al., 2005) than in our study environments. A theoretical stream water sample (b‘wk) is then in the considered
conservative case composed of proportional fractions of each end-member (f,,, and £,,,. respectively) according
to the principle of mass balance:

Osampte = Odep faep + Orock frock ?)

so that fy,, + £, = 1. This theoretical mixing was quantified by applying a Monte Carlo simulation (as similarly
executed in, e.g., Samborska et al., 2013), where end-member parameter values were randomly sampled from
their independently observed regional distributions (ob d,e.g., fromali review, see below)
to create 10,000 different theoretical initial conditions (i.e., the assumed stream water isotopic composition before
MSR). A Rayleigh fractionation model was then applied to calculate the residual fraction of sulfur concentration
after reduction (f,,,). The model is based on the initial isotopic composition of the stream water (8,; here repre-
sented by the 10,000 theoretical predictions of &,,,,) and the residual isotopic composition in the stream water
(8, represented by the observed isotopic value of stream water d,,,..,,.), according to:

(00016 +1
PE= (0,00141 —fe) + 1 1) 1000 @

where £ represents the isotopic enrichment factor. This Rayleigh model (Equation 3) was developed from a
standard Rayleigh model (Mariotti et al., 1981) by Druhan & Maher (2017) to better represent isotope fraction-
ation processes in water mixtures subject to different travel times—such as the case for a stream water sample
in a catchment, where travel times will differ between different flow pathways within the catchment. Further,
MSR was assumed to be equally likely at both end-members as well as the point of mixing; this was in order to
conserve pre-MSR end-member fractions to post-MSR conditions. MSR was finally quantified as the percent-
age of reduced sulfur concentration, that is, MSR 100(1 — fwa)- Esti of end ber values
(B4pp Oz and the sulfur ion of ic ition, c,,,) as well as the enrichment factor (¢) were
derived from a synthesis of regional observations and prev:ously reported literature values.

To better quantify the median and average Monte Carlo outputs when MSR values were close to 0%, we have
modified the analysis methodology presented in Fischer, Jarsjo, et al. (2022) where a theoretical model output
below 0% was truncated (since MSR cannot physically be lower than 0%). This truncation becomes problematic
for the current study because we consider average values relatively close to 0% and get both positive and negative
random errors of which only the negative random errors will be truncated following the rule. This leads to an
overestimation of MSR values derived from the resulting ensemble statistics, and to keep the output unbiased, we
omitted the truncation rule.
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3. Results
3.1. Regional Data Synthesis
Regional sulfur isotopic end-member data (c,,,, 8,,,, and §,,,) for the Kola Peninsula and northern Sweden are
summarized in Table 1. The Kola Peninsula showed a higher average annual c,,, compared to northern Sweden.
It is likely the result of nearby smelter emissions of sulfur dioxide (Forsius et al., 2010; Reimann et al., 1997),
while also the higher &, has been attributed to the processing of high sulfide ores, which were transported from
the Norilsk mine in northcentral Russia to Kola smelters (de Caritat et al., 1997). No data were found on the
specific 8,,, value of sulfide bedrock in Khibiny. We argue that since the Khibiny bedrock is of magmatic origin
(Kogarko, 2018)—as is the bedrock in the Imetjoki catchment—sulfide minerals in Khibiny would most likely
Table 1
Regional Data Synthesis Over Sulfur (Sg,) Ce ion in ic Deposition (c,,), Sulfur Isotopic Composition (5%Sgy,) in A heric Deposition (3,,,),
and Sulfur Isotopic Composition (6*S) in Bedrock (,,,) in Northern Sweden and on the Kola Peninsula
Parameter Median Mean Std Dev Min Max Data source*
c‘-(mg/l‘) N. Sweden 0.48 0.57 0.32 0.13 1.7 Observed annual Cap between 1982 and 2017

from 11 locations in northern Sweden, also
used in calculations presented in Fischer,
Jarsjo, et al. (2022). (e is composed of 9%
sea spray and 91% of fossil fuel combustion.
Kola Peninsula 0.90 1.42 1ts 0.11 102 Observed annual c,,, between 1990 and 2017
from 13 locations on or in the vicinity of
the Kola Peninsula (Arctic Monitoring and
Assessment Programme, 2006; EBAS, 2021;
Malinovsky et al., 2002; Reimann
etal., 1997; Ayriis et al., 1995). c,,, is
composed of 8% sea spray and 92% of fossil
fuel combustion.

6‘,(%0) N. Sweden +5.4 453 0.69 +3.8 +7.0 Reported values of 8"Sw in samples of snow
and precipitation from the Kalix River Basin,
which encompasses the Imetjoki stream,
between 1990 and 1991 (Ingri et al., 1997),
also used in Fischer, Jarsjo, et al. (2022).

Kola Peninsula +6.6 +6.9 1.07 +4.3 +8.7 Reported values of 5*S5, in epiphytic moss
samples (Hylocomium splendens and
Pleurozium schreberi) from the Kola
Peninsula during the summer 1994 (de
Caritat et al., 1997). Since epiphytic mosses
rely foremost on air for moisture and
nutrients, they provide long-term average
sulfur isotopic values close to the isotopic

position of ic deposition with
only minor (<1-2%o) isotopic fractionation
(assimilation) during the uptake in the plant
(Liu et al., 2009; Migaszewski et al., 2010;
Xiao et al., 2015).

8, pex(%0) N. Sweden & Kola —0.60 -0.54 1.0 -34 +33 Reported 5*S values for sulfide minerals
Peninsula of ic origin (pyrite pyril

deposits) at the copper mine Aitik in
northern Sweden (Yngstrom et al., 1986)
as also used in Fischer, Jarsjo, et al. (2022).
Due to the magmatic origin of the Khibiny
massif, sulfide minerals are likely to
also have isotopic values close to 0%o,
which justify using the values reported by
Yngstrom et al. (1986) also for the Khibiny
data set.

Note.* See details in Text S2 in Supporting Information S1.
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also have &, values close to 0%o justifying the use of the isotopic data set for Imetjoki also for the Khibiny
catchments (Table 1). A reasonable range for the enrichment factor (¢) in shallow groundwater and surface waters
was assumed to be —33 to — 1%, considering that most studies report values between —20%o and —10%o (Knoller
etal., 2004; Robertson & Schiff, 1994; Wu et al., 2011), while some estimates reach as low as —33%. (Massmann
et al., 2003) and as high as —1%. (Xia et al., 2017).

3.2. Surface Water Measurements

The measurement campaigns in the Imetjoki catchment in the spring (May) and summer (August) of 2017
revealed high surface water concentrations (15-5,000 pg/L) of Cu, Zn, and Cd at and downstream of the mining
site, where the dissolved organic carbon (DOC) ranged between 1.3 and 11.6 mg/L and pH-levels were between
3.3 and 7.1 (Fischer et al., 2020). No sy ic differences in ions could be seen between the seasons
except for DOC, which were higher in all samples (on average 30%) from the summer compared to the spring. The
measured sulfur isotope composition (8,,,,,) and total sulfur (S) concentrations (c,,,,,) are plotted in Figure 2a
together with a so-called “theoretical mixing line,” which shows a hypothetic proportional mixing between the
two end-members without the influence of MSR. The mixing line is defined through corresponding average
regional values for each end-member (Table 1) where the gray area conveys the +1 standard deviation range.
Overall, J,,,,, values measured in the spring (May) in Imetjoki (hollow circles; Figure 2a) lie closer to the theo-
retical mixing line than &, measured in the summer (August). This is further illustrated in Figure 2b where
the highest difference in &, between spring and summer was seen in the Imetjirvi Lake inlet (ID 4; +2.8%0)
and the Northern Lake outlet (ID 3; +2.5%). The samples from the Northern Lake, Downstream 1, and Maria
Lake sites (IDs 3, 5, and 10) all show an increase in c,,,,,,,, by 60%—70% over the summer, while the values for the
stream in the lower Industrial area (ID 9) only increased by 11% (i.e., from 20.5 mg/L in the spring to 22.8 mg/L.
in the summer; Table S2 in Supporting Information S1). The only decrease in c,,,,.,,, Was detected in samples from
the small brook in the upper Industrial area (ID 8) where the concentration decreased from 48 to 17 mg/L over
the summer.
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+1c @ Upstream 115
= Mean @ Mining
~10 @ Downstream
@ Reference
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Figure 2. Measured stream water §*S, values (8,,,,,,) and total sulfur (S) concentration (c,

“uream) 10T (2) the Imetjoki catchment and (b) corresponding seasonal
difference between August and May and (c) Khibiny The ical mixing line i

mixing of two average end-members based on

pr
the regional data synthesis in Table 1, where the gray area covers the respective +1 standard deviation (o) for each end ber. The regional mean sulfur (Sgq,)

ion in ic ition (c,,,) for each site is illustrated with a vertical line at 0.57 mg/L for the Imetjoki catchment and at 1.42 mg/L for the Khibiny
catchments.
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The surface waters within the Khibiny catchments showed clearly higher metal concentrations (3-24 pg/L for
Cu, Zn, and Cr) close to the mining areas 1 to the ions in the up areas unaffected by
mining (with average concentrations of 0.2-0.7 pg/L. for Cu, Zn, and Cr; see Table S6-S7 in Supporting Infor-
mation S1 and Fischer, Morth et al. (2022) for full analysis results). DOC levels were generally low in upstream
areas (~1 mg/L) and increased only slightly (1.7-3.2 mg/L) in the mining-impacted and d areas. The
pH ranged between 6.8 and 10.6 for all Khibiny samples and all measured (total) sulfur concentrations occurred
in the form of sulfate. All of the measured d,,,,.,,, values in Khibiny are falling either on or within 1 standard devi-
ation from the theoretical mixing line (Figure 2¢), which indicates that end-member mixing alone (with no/little
isotopic fractionation) explains most of the spread in the values. Compared to the wide spread in sulfur isotopic
data within the Imetjoki catchment, the Khibiny values formed two clear clusters; all upstream sampling points
(IDs 16-19, 23) groupod loward the top-left corner with a small range in both &, and ¢, displaying a clear
signal from the pheric deposition end- while results from the mmmg impacted sampling points
(IDs 20, 21, and 24) grouped in the lower right corner in a similarly narrow range, likely portraying the bedrock
end-member (see detailed results in Table S6-S7 in Supporting Information S1). The Yuksporiok 3 data (ID 21)
represent a 3-day average value from which the corresponding coefficients of variation (CVs) were 0.22 and 0.14
fOr 8,44y AN €., TESPeCtively. A clear mining-impacted signal was derived from the downstream Vuonnemiok

3 sampling point (ID 25), while samples from the Umba River (ID 26) and Belaya River (ID 22) show a mix of
the two end-members, however still within 1 standard deviation from the mixing line.

3.3. Calculated MSR in the Imetjoki and Khibiny Catchments

The Monte Carlo simulations for sampling points within the Imetjoki catchment resulted in an overall interquar-
tile range between 10% and 37% MSR for both the spring and summer with the catchment-scale median MSR
being 19% (mean: 27%; see full output details in Table S3-S4 in Supporting Information S1). A clear difference
can be seen between the seasons (Figure 3), where the Monte Carlo MSR outputs in the spring (yellow probability
density distributions) lie closer to the 0% line compared to the MSR distributions in the summer (purple density
distributions). For locations sampled in both seasons, the difference in catchment-scale MSR was 9% units over
the summer (i.e., 14% median MSR in the spring and 23% in the summer; Figure 3). The highest increase in MSR
was detected at the Northern Lake outlet (from a median of 5% in spring to 24% in summer) and the Imetjirvi
inlet (from 4% to 20%, respectively), which is also shown in Figure 2b where these two sampling points (IDs 3
and 4) had the highest increase in measured isotopic value from spring to summer. The smallest seasonal change
was found in samples representing the Industrial area (ID 9), where high median MSR was found both in the
spring (32%) and in the summer (34%).

The samples from the Khibiny catchments show an interquartile range of MSR values between 0% and 15% with
a catchment-scale median MSR value of 7% for Yuksporiok (mean: 16%) and as low as 2% for Vuonnemiok
(mean: 7%; see full output details in Table S5 in Supporting Information S1). The highest MSR (14%) in Khibiny
was found in the Belaya River (ID 22), which may be impacted by potential MSR in the Vudyavr Lake and the
other two (unmonitored) tributaries (Vudyavriok and Saamsky; Figure 1). However, the estimation for this loca-
tion is uncertain as it may be biased from a potential release of additional sulfur from Kirovsk City, for example,
as municipal wastewater having another and here unaccounted for isotopic signal.

4. Discussion
4.1. Catchment Conditions Affecting Natural MSR

The Imetjoki and Khibiny catchments share similar climatic features (e.g., temperature and number of days with
snow coverage), and the sulfur concentrations of their water systems show overlapping ranges. However, we
found that catchment-scale median MSR values in Imetjoki (summer season) were about 18% units higher than
the catchment-scale mcdlan MSR values in Khlbmy dunng the same summer season (23% MSR vs. 5%). This

supports our working hypothesis that some fund: litions are more ble for MSR in the Imetjoki
catchment compared to the Khibiny catchments. For instance, organic material was more abundant in the lmcl-
Jjoki stream water most likely due to its forest cover, yielding higher DOC ations from d p

vegetation. Direct effects of an increase in organic matter concentration on natural MSR have previously bc(,n
observed in southern Finland (Bomberg et al., 2015), where organic material was added to acidic water in flooded
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MSR (%)
__Median _ __ Average
-20 20 40 60 80 100 |D spring Summer Spring Summer

Upstr. Lake 479 - 534

Upstr. Dagny mine - 14.5 - 234
Northern Lake 1 53 241 109 328

Imetjarvi inlet 44 202 13.7 288

Imtejarvi outlet 4 100 176 | 179 255
Max mine - 11.0 = 18.4
Ind. area 1 174 220 262 308
Ind. area 2 _ ... 317 336 | 403 415
Downstream 1 P L— - 10 16.0 254 238 341

1
2
3
4
Maria Lake = L_ 5 71 135 131 212
6
7
8
9

Downstream 1b | e 11| - 238 335
Downstream 2 12 188 238 | 273 322
Ref. Nietsajoki L — 13290 383 369 454
Downstr. Fredrik mine 14 204 - 293 =
Ref. Lina River 15 | 205 = 292
Gakman 1 16 8.6 196
Gakman 2 17 7.0 18.1
Gakman 3 18 25 184
Yuksporiok 1 19 7.5 186
Yuksporiok 2 20 59 106
Yuksporiok 3 21 45 83
Belaya River 22 142 20.7
Vuonnemiok 1 Imetjoki: Spring | 23 88 19.9
Vuonnemiok 2
. Imetjoki: Summer - . o6 17
Vuonnemiok 3 ; L 25 =12 -10
Umba River Khibiny L 26 -12 13
20 0 20 40 60 8 100
MSR (%)
Figure 3. Probability density distributions from the Monte Carlo si ions for d sulfate reds

(MSR) for the Imetjoki (upper panel) and Khibiny (lower panel) catchments. MSR distributions in the Imetjoki catchment
also reflect the two seasonal conditions from the spring (yellow density distributions) and the summer (blue density
distributions).

mine shafts to induce MSR, which over the course of 15 years successfully increased the pH and decreased the
metal concentrations. Although stream water DOC concentrations reflect the general supply of organic matter
in the catchment, the available fraction of DOC for SRM is usually much smaller than the stream water concen-
trations since SRMs require already degraded organic matter (e.g., low molecular weight substrates; Muyzer &
Stams, 2008), which means that the type of organic matter is also important to MSR (Berggren et al., 2007; van
Hees et al., 2005). Furthermore, the anoxic environments required for MSR (Pester et al., 2012) as well as rela-
tively slow residk times for longer exp to SRM (Nelson et al., 2009) are likely present at multiple
“hot spot” locations within the Imetjoki catchment, which contains 11 small lakes and has about 16% of its total
area covered by peatlands (SGU, 2020). High 8*S values in wetland-dominated sub-catchments (relative to other

b- h ) have previously also been attributed to MSR (Bjorkvald et al., 2009). Notably, although most
surface waters were only slightly acidic (pH 5.7-7.1), a few locations within the Imetjoki catchment displayed
high metal concentrations and/or strongly acidic water (pH 3.3-4.8), which are potentially harmful to SRM (Xu
& Chen, 2020). These strongly acidic waters were hel iated with ligible MSR levels. For
example, the Industrial area (ID 8) had in the spring a pH of 3.3 and a Cu concentration of 5,000 pg/L and still
showed a median MSR of 17%. An explanation could be that the local stream network has developed acid-tolerant
SRM, idering that mine drai; from the N; mines has been developed during a long time over the
past 110 years, reaching a condition that can be described as nearly a steady state with regard to the considerable
downstream pollution transport (Fischer et al., 2020).
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The water from Belaya and Vuonnemiok catchments of Khibiny on the other hand showed low median MSR
values (5%), which is consistent with the prevailing high alpine environments characterized by bare rocks and
snow fields remaining over the summer, and the fact that they have been increasingly industrialized over the
last century (Moiseenko et al., 2009). Both these factors contribute to the sparse forest cover of the Khibiny
catchments, occurring only in the lower valleys outside of built areas, yielding generally low DOC concentra-
tions (1-3 mg/L), as i within the 1 in 2017. Furthermore, the high alpine environment span-
ning elevations between 100 and 1,200 m above sea level is characterized by steep slopes and a thin soil layer,
which contributes to relatively fast throughflow of precipitation (i.e., shorter hydrological residence times). For
instance, the Gakman sub-catchment (6.2 km?; IDs 16-18) has a slope of 0.07 m/m, while the Imetjoki catchment
(6.6 km?) has a slope of 0.03 m/m. Whereas the Gakman sub-catchment in Khibiny on average had relatively
similar pH (6.8-7.4) as Imetjoki, the Yuksporiok mining area in Khibiny (IDs 20-21) had highly basic pH (10.2—
10.6), which potentially is another factor that can limit the MSR values. Conclusive evidence regarding how much
(high) pH may limit natural MSR seem however still to be lacking, since some studies have shown the presence
of considerable SRM in alkaline waters, for example, up to pH 9.8 in mine shafts in southern Finland (Bomberg
et al., 2015) and in mine tailings with pH up to 9.3 in New Zealand (Chappell & Craw, 2003).

4.2. Seasonal Conditions Affecting Natural MSR

The presented results regarding impacts of seasonality show that the catchment-scale MSR values under spring
conditions with ongoing snowmelt were lower (14%) compared to MSR values under summer conditions (23%).
This difference suggests that there is a summer “boost” in the activity of SRM. For instance, between early spring
(May) and summer (August), the average catchment-wide water temperatures rose from 3.8 to 11.5°C, which is
more favorable even for cold-tolerating bacteria (Virpiranta et al., 2019). However, the isolated effect of tempera-
ture (and the seasonal changes of it) on field-scale MSR is difficult to determine since multiple factors are likely
interacting (Khan et al., 2019; Praharaj & Fortin, 2004). Two such factors that showed pronounced seasonality
in Imetjoki are DOC, which increased on average with 30% over the summer (Fischer et al., 2020), and sulfur
concentrations, which increased with 26% (Figure 2b; excluding ID 8 that decreased by almost 3 times). This also
means that sites in warmer climates with usually i ing summer bioproductivity and DOC turnover would
likely enable even higher such “boosting.”

Another potentially influential factor is that the sampled spring stream water represents a mixture of groundwa-
ter-dominated baseflow and more surficial flows including meltwater. The latter may remain on top of or near the
soil surface since the ground would still be frozen during spring, hindering infiltration and groundwater recharge.
MSR along meltwater flow paths may therefore be negligible, implying that the associated flows would be isotop-
ically characterized by sulfur from atmospheric deposition in contrast to the groundwater-dominated baseflow,
which potentially can be affected by MSR. Hence, a key issue for und ding the hani. behind 1
changes in net MSR is then to assess the dilution caused by meltwater as given by the relative fractions of meltwa-

ter and baseflow in the sampled stream water. Thorough investigations by Laudon et al. (2007) showed that melt-
water percentages during the spring flood ranged between 10% and 30% of the total water volume in stream water
in forested catchments of northern Sweden. This implies that even during the here considered spring campaign
at Imetjoki, most (70%-90%) of the sampled stream water volumes are likely to have originated from flow paths
with potentially active MSR. Considering a hypothetical case in which the meltwater presence is at the high end
of the range (30%), recognizing that the meltwater should have an isotopic composition relatively similar to the
of the at heric d ition (because of the essentially lacking MSR in meltwater), mass balance

considerations then allow the estimation of the isotopic composition of the remaining 70% of the sample origi-
nating from baseflow as well as the associated MSR value. Results for instance showed that compared to down-
stream net MSR values (including snowmelt impacts) of 16-19% (at IDs 10 and 12; Figure 3), the MSR in the
baseflow component would be somewhat higher, namely 18-23%. This is however not as high as the downstream
MSR values observed during the summer campaign (24-25; at IDs 10 and 12; Figure 3), implying that snowmelt
impacts only partially can explain the differences in MSR values between spring and summer. Snowmelt impacts
will however likely vary from location to location as well as from region to region and may therefore need further
attention in future studies.

Apart from above-discussed systematic differences between the MSR values in spring and in summer, we note
that locally high MSR values can occur (also) during the spring season. For instance, the MSR value was 30%
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during spring at ID 9. Observations of relatively high MSR (before onset of dilution of meltwater) were similarly
observed at the Krycklan catchment in northern Sweden (e.g., Bjorkvald et al., 2009) and at Lake Mjosjon in
central Sweden where winter ice-coverage gave a gradual decrease in lake water oxygen levels and by that favored
MSR (e.g., Andersson et al., 1992).

4.3. Implications—MSR as a Nature-Based Solution to Mine Drainage Under Ambient Changes

The present study supports previous cold region studies (e.g., Fischer, Jarsjo, et al., 2022) in detecting high MSR
values locally (30%-40% under natural conditions). We additionally found novel evidence of a more general
presence of MSR over different seasons even under the considered cold (Arctic) conditions, which indicates that
there is large potential for using MSR as part of nature-based solutions to mitigate adverse impacts of (acid) mine
drainage in the Arctic and elsewhere. For instance, this can be obtained through managing and taking advantage
of favorable MSR conditions in (constructed) wetland and lake systems. Enhancement measures could be carried
out by adding organic material in sedimentation ponds or mining shafts (e.g., Bomberg et al., 2015) utilizing

already existing structures to provide prolonged resid times and | bottom layers.

The Arctic is currently subject to considerable climate-driven shifts in the carbon cycle that are projected to
continue in the foreseeable future. There is notably an observed trend of increasing DOC values in streams (Guo
et al., 2007), which is favorable for MSR (Bomberg et al., 2015), and will therefore probably act to enh

MSR over vast regions. Conversely, the increasing number of snow- and ice-free days (e.g., Box et al., 2019) will
increase vertical fluxes of water and oxygen in upper soil layers, which in turn may decrease MSR in some loca-
tions by removing iated pockets of bi ditions (e.g., see similar discussion in Palomo et al., 2013).
Unless such MSR-driven changes and their impact on the retention of metals and other substances along their
transport pathways are recognized and understood, they may—if detected through downstream monitoring—be
misinterpreted as changes in metal mobilization. For instance, i d ion by (neglected) MSR may be
at risk of being misinterpreted as decreased source zone mobilization of metals. The metal mobilization (e.g., at
mining waste heaps) is notably also expected to be imp d by ongoing hydroclimatic changes gh through
quite different processes (e.g., Hotton et al., 2020; Jarsjo et al., 2020; Shrestha et al., 2020). A key challenge in
understanding the role of MSR in mitigation solutions to (acid) mine drainage is therefore to consider how it may

impact the balance between mobilization and retention under conditions of future ambient changes.

5. Conclusions

We here interpret and compare the results from multiple stream water measurements in two major Arcllc mining
regions, allowing us for the first time to quantify net impacts of and ity on large-
scale MSR. This reflects a combination of multiple drivers and large-scale processes that, for example, are diffi-
cult to reproduce in laboratory experiments. Specifically, we conclude that:

1. A likely range of catchment-scale MSR values in the Arctic is ~5%-20% during the summer season with
h s located in veg 1 terrain ini lakes, or i systems that

allow longer reaction times for SRM being more likely to show median MSR values of around ~20%.
2. Local values of MSR can be as high as ~40% at hot spot conditions, for example, near lakes, indicating large
potential for using MSR as part of nature-based solutions to mitigate adverse impacts of (acid) mine drainage.
. Evidence of persistent field-scale MSR over different seasons in the Arctic indicate that microbial processes

w

and their i ions with the envi may be more persistent than previously anticipated.

The presenl results shawmg widespread and persistent MSR even under cold conditions call for more detailed
field-scale correlations between MSR and individual landscape and hydrocli-
and slope), which, for example, can be

garding p
matic characlensllcs (e.g., DOC, water temp ice cover,
supported by the here utilized isotopic fractionation and mixing scheme.

Data Availability Statement

The resulting data sets from the field measurement campaign in Khibiny 2017 are available through Zenodo at
https:/doi.org/10.5281/zenodo.6448039.
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