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ARTICLE INFO ABSTRACT

Editor: Xinbin Feng Microbial sulfate reduction (MSR), which transforms sulfate into sulfide through the consumption of organic matter, is
an integral part of sulfur and carbon cycling. Yet, the knowledge on MSR magnitudes is limited and mostly restricted to

Keyw"_’d&' . snap-shot conditions in specific surface water bodies. Potential impacts of MSR have consequently been unaccounted
]nglcft‘fr{al sulfate reduction for, e.g., in regional or global weathering budgets. Here, we synthesize results from previous studies on sulfur isotope
In dic;tls;)s opes dynamics in stream water samples and apply a sulfur isotopic fractionation and mixing scheme combined with Monte

Carlo simulations to derive MSR in entire hydrological catchments. This allowed comparison of magnitudes both
within and between five study areas located between southern Sweden and the Kola Peninsula, Russia. Our results
showed that the freshwater MSR ranged from 0 to 79 % (interquartile range of 19 percentage units) locally within
the catchments, with average values from 2 to 28 % between the catchments, displaying a non-negligible
catchment-average value of 13 %. The combined abundance or deficiency of several landscape elements (e.g., the
areal percentage of forest and lakes/wetlands) were found to indicate relatively well whether or not catchment-
scale MSR would be high. A regression analysis showed specifically that average slope was the individual element
that best reflected the MSR magnitude, both at sub-catchment scale and between the different study areas. However,
the regression results of individual parameters were generally weak. The MSR-values additionally showed differences
between seasons, in particular in wetland/lake dominated catchments. Here MSR was high during the spring flood,
which is consistent with the mobilization of water that under low-flow winter periods have developed the needed an-
oxic conditions for sulfate-reducing microorganisms. This study presents for the first time compelling evidence from
multiple catchments of wide-spread MSR at levels slightly above 10 %, implying that the terrestrial pyrite oxidation
may be underestimated in global weathering budgets.
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1. Introduction

Sulfur (S) is essential to all life forms and its cycling throughout the en-
vironment is closely related to microbial activity (Fike et al., 2015). Under
anoxic conditions, microbial sulfate reduction (MSR) transforms sulfate
(SO27) into sulfide (H,S) through the consumption of organic matter
(Muyzer and Stams, 2008). This mineralization of organic carbon
(C) increases alkalinity and makes MSR a key component in the C cycle,
not least in marine environments with high SO3~ concentrations (Bowles
etal., 2014). Also in freshwater systems, at lower SO2~ concentrations, sub-
stantial MSR has been observed (e.g., Fischer et al., 2022a), however, its im-
plications for the terrestrial S and C cycling, including the release of SO3 ™~
from lithogenic sources, has not been accounted for although it may be sig-
nificant at the scale of influencing the global climate system (Schimel,
2004).

Existing field investigations on freshwater MSR have commonly consid-
ered specific surface water systems, e.g., through local measurement loca-
tions adjacent to single wetlands or lakes (Nakagawa et al., 2012; Ng et al.,
2017) or individual aquifers (Knoller et al., 2008). Several other field studies
have mentioned the presence of MSR although without explicit quantifica-
tions (e.g., Andersson et al., 1992; Bjorkvald et al., 2009; Morth et al.,
1999). Recent results however show that MSR can exist throughout entire
catchments (e.g., Fischer et al., 2022a) in different geographic and hydro-
climatic settings (Fischer et al., 2022b). Furthermore, the reported variabil-
ity in the absolute MSR activity, both within and between catchments, was
relatively large. Many factors may contribute to such a variability, including
availability of SO7 ™ and organic matter, prevailing oxygen levels, hydrolog-
ical residence times (Vasquez et al., 2016; Xu and Chen, 2020), and season-
ality in hydro-climatic conditions (Hesslein et al., 1988; Shanley et al.,
2008). Due to incomplete knowledge of dominant processes and governing
conditions, up-scaling of various locally observed impacts of microbial pro-
cesses to larger spatiotemporal scales is difficult (Zhu et al., 2018).

We here hypothesize that differences in overall MSR magnitudes within
and between catchments are coupled to hydro-climatic and other environ-
mental conditions in the landscape (or catchment), to such a large extent
that they can be used as indicators of MSR. For example, the presence of
wetland and lakes within a catchment providing suitable habitats for
sulfate-reducing microorganisms (SRM; e.g., anoxic conditions and longer
residence times), should increase the MSR both within and downstream
of such water bodies. MSR can be traced within a catchment through
stream water S isotope measurements (3*s/328 ratio in SOﬁ_) since the
SRM preferentially consume 328504 over >Sgq,, which enriches the remain-
ing stream water SO3~ in 343, Fischer et al. (2022a) developed a method
based on this isotopic fractionation to quantify the magnitude of MSR in
freshwater systems. We specifically aim to (i) determine stream water
MSR at multiple catchments with varying preconditions for natural MSR,
and (ii) identify possible main drivers of MSR that can explain (a) spatial
differences in MSR between and within catchments, and (b) seasonal vari-
ations in MSR.

2. Materials & methods
2.1. Site selection & description

Study areas were chosen based on three criteria: (1) S isotope composi-
tion (8%*S values in SO3 ) and S concentration (Sso4) should have jointly
been measured in the freshwater system, and (2) only two major S isotopic
end-members should be present (e.g., atmospheric deposition and
weathering bedrock), and (3) S isotopic end-member data should have
been collected and should be robust with regard to spatiotemporal differ-
ences, with a lower variability (e.g., standard deviation) than the 8%%S504
data from stream measurements. Five study areas in northern Europe met
those criteria (Fig. 1), specifically:

- The Khibiny catchments: The Khibiny massif on the Kola Peninsula,
Russia (Fig. 1), holds the Yuksporiok catchment (covering 33 km?)
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Fig. 1. Map over the selected study areas in northern Europe.

and the Vuonnemiok catchment (covering 96 km?). The annual average
temperature and precipitation were —0.6 °C and 715 mm/yr, respec-
tively, between 1993 and 2017 (Fischer et al., 2022b), with 210 days/
yr snow covered (Callaghan et al., 2011). Both of the catchments mostly
encompass high alpine environments with limited soil cover, as well as
absence of natural lakes and wetlands (Fig. 2, first column). Pockets of
birch are found in the lower valleys while tundra vegetation covers
most of the catchments except for mountain plateaus with bare rocks.
The bedrock mostly consists of igneous rocks with apatite-nepheline de-
posits (Kogarko, 2018) which have sustained the on-going large-scale
apatite mining within both of the catchments since 1930 (see site char-
acterization in Fischer et al., 2022b). Both catchments were sampled
during August 2017 at 11 stream water locations yielding 11 joint S iso-
tope and concentration samples (Fischer et al., 2022b). The average
stream water Sgo4 concentration was 6.4 mg/L and the §%%Sg04 value
was + 4.2 %o.

The Imetjoki catchment: The Imetjoki catchment is located in northern
Sweden (Fig. 1) and has an area of 6.6 km?. The annual average temper-
ature and precipitation were — 1.6 °C and 560 mm/yr, respectively, be-
tween 1993 and 2017 (Fischer et al., 2020), and snow covered the
ground on average 200 days/yr for the same time period (Berglov
et al., 2015). Forest and wetlands cover most of the catchment area
(Fig. 2, second column) with till being the main quaternary deposit
(SGU, 2020). The bedrock is igneous and contains iron
oxide-copper-gold mineralizations (Martinsson et al., 2016). Copper
was mined in the upstream part of the catchment, at the Nautanen
mines, between 1902 and 1908. The mines have since then been aban-
doned, however leaving sulfidic mine waste polluting the local environ-
ment (see site characterization in Fischer et al., 2020). The Imetjoki
catchment was sampled during May and August 2017 at 15 stream
water locations (Fischer et al., 2022a, 2022b) which gave in total 24
joint sampels with an average Sso4 concentration of 5.5 mg/L and a
8%%Ss04 value of +6.1 %o.

The Krycklan catchment: The Krycklan catchment in northern Sweden
(Fig. 1) has an area of 69 km? and is composed of mostly forest and some
farmlands (covering 2 % of the catchment area). The annual average
temperature and precipitation were + 2.2 °C and 660 mm/yr between
1993 and 2017 according to data provided by the Climatic Research
Unit (CRU) at the University of East Anglia (Harris et al., 2014; see
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Fig. 2. Overview of catchment characteristics for the selected catchments. Yellow points in the top row show sampling locations for stream water §>*Sgo, values and Sgos
concentration. Slope represents percent rise where 100 % equals 45 degrees. See Supplementary Section S2 for source material and derivation of the individual maps.

Supporting Information S1 for details), and approximately 170 days/yr
were snow covered between 1991 and 2013 (Berglov et al., 2015). Qua-
ternary deposits (mostly till and postglacial sand; SGU, 2020) and soil
layers have a maximum depth of 38 m in the downstream part of the
catchment (Fig. 2, third column) and underlying bedrock is sedimentary
gneiss, such as metagreywacke and meta-argilite (SGU, 1986; see over-
view by Laudon et al., 2021 for more site details). The Krycklan catch-
ment was sampled monthly at 15 stream water locations between
February and December in 2005 yielding 289 joint surface water sam-
ples (Bjorkvald et al., 2009). The average Sso4 concentration was
1.1 mg/L and the §%*Sgo4 value was +7.2 %o.

- The Lake Mjosjon catchment: The catchment of Lake Mjosjon covers an
area of 6.9 km? and is located in central Sweden (Fig. 1) just 5 km inland
from the Baltic coast. The annual average temperature and precipitation
were + 3.8 °Cand 690 mm/yr, respectively, between 1993 and 2017 ac-
cording to CRU data (see Supplementary Section S1). The catchment
hosts a few residential houses and some farmland but is otherwise cov-
ered with forest and lakes (Fig. 2, fourth column). Till and postglacial
sand constitute the main quaternary deposits (SGU, 2020), and the bed-
rock consists mainly of metagreywacke and pegmatitic granite (SGU,
2014). The Lake Mjosjon catchment was sampled at 7 occasions from
February to December during 1989, taking samples at two surface



S. Fischer et al.

water locations (upstream and catchment outlet) and at one groundwa-
ter location within the catchment (Andersson et al., 1992). This resulted
in 16 joint samples, with an average Sso4 concentration of 2.4 mg/L and
a 8%*Sg0, value of +9.8 %o.

The Lake Gdrdsjon F1 catchment: F1 is a small catchment (0.05 km?)
draining to the Lake Gérdsjon located 30 km from the west coast in
southern Sweden (hereafter simply referred to as “Lake Gardsjon”).
The annual average temperature and precipitation were +7.7 °C and
870 mm/yr, respectively, between 1993 and 2017 according to CRU
data (see Supplementary Section S1). The catchment is completely for-
ested except for a small upstream wetland (Fig. 2, fifth column). Soil
depths are shallow with mostly bare igneous and metamorphic bedrock
consisting of gneissic granodiorite (Olsson et al., 1985). The Lake
Gardsjon F1 catchment was sampled monthly (or bimonthly) between
1990 and 1993 in the stream at the catchment outlet and at two up-
stream shallow groundwater sampling locations (Morth et al., 1999).
This gave in total 100 samples with an average Sso4 concentration of
4.6 mg/L and an average §>*Sgo4 value of +7.7 %o.

2.2. Basic methodology for calculating MSR

MSR has previously been quantified at multiple locations within the
Imetjoki and Khibiny catchments based on stream water samples (Fischer
et al., 2022b) and using the S isotopic fractionation and mixing scheme de-
veloped by Fischer et al. (2022a). The same methodology is here used at the
three additional catchments: Krycklan, Lake Mj6sjon and Lake Gérdsjon,
which yielded a total dataset of >440 field observations across five study
areas. The method assumes conservative mixing of the S isotopic end-
members, i.e., S originating from atmospheric deposition (84¢,) and S orig-
inating from bedrock weathering (;,cx), in each water sample. Thus, in the
absence of MSR, water sample compositions should follow a theoretical
mixing line between the two end-members (Fig. 3). From the SRM preferen-
tial consumption of §>2Sgo4 over 8>*Sgp,4, MSR results in isotopic fractiona-
tion, i.e., increased 8>*Sgo4 values and decreased Sgo, concentrations. If
substantial MSR is occurring in the upstream drainage area of a water sam-
ple, the water sample composition should therefore deviate from the con-
servative (theoretical) case, placing itself above the theoretical mixing
line in Fig. 3. The method developed by Fischer et al. (2022a) is quantifying
this deviation by comparing in the measured 8**Sgo4 value of the water
sample with the §3*Sgo4 value derived through a theoretical end-member
mixing and attribute the difference to MSR. This is motivated by MSR
being the dominant isotopic fractionation process under natural freshwater
conditions. Other S transformations (e.g., assimilation and oxidation) have
shown low-to-negligible isotopic fractionation (Sharp, 2017). Although S
disproportionation can in principle result in similar isotopic fractionation
as MSR, it has mainly been observed under laboratory or marine settings
(e.g., Bottcher et al., 2005) that are not relevant for our study areas. We
then derive the theoretical 8°*Ssos value of a stream water sample
(8sampie) from the mixing between S originating either from atmospheric de-
position (84¢) or from weathered bedrock (8yoci):

Ssample = 6depf dep + Srockf rock )

where fy, and fr,c are the respective fractions of each end-member in the
sample (i.e., faep + frock = 1). These fractions were calculated as the mea-
sured Sgo4 concentrations in atmospheric deposition (c4ep) divided by the
measured Sso4 concentration in the stream water sample (Cgreams
i.e., faep = Cdep/Csiream)- The potential isotopic fractionation effect from
MSR on the stream water §>*Sgo4 value was calculated with a Rayleigh
equation:

0.0016, + 1

8r = (W - 1)“’00 @

where §y is the initial S isotope value before MSR, 6y is the residual S iso-
tope value after MSR, ¢ is the isotopic enrichment factor, and f;.q is the
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residual fraction of Sgo4 concentration after reduction. Eq. (2) was devel-
oped by Druhan and Maher (2017) to account for isotopic fractionation
under field-scale conditions where each water sample represents a mixture
of waters having different travel times. For example, water from slower hy-
drological pathways contribute less to the mixed sample while having lon-
ger exposure to potential MSR. In Eq. (2), the initial isotope value (§,) was
represented by the theoretical stream water sample (Ssampie) in Eq. (1)
(i.e., representing pre-MSR conditions), and the residual isotope value
after MSR (8g in Eq. (2)) corresponded to the measured stream water
834Ss04 value (Ssyeams i-€., representing potential post-MSR conditions).
Solving for f,.q in Eq. (2) for each water sample, the magnitude of MSR
was represented by the resulting percentage of reduced S concentration,
i.e, MSR = 100(1 — freg).

Following the methodology of Fischer et al. (2022a), estimates on £ and
S isotopic end-member data (8ep, Srock, and Sso4 concentration in atmo-
spheric deposition; c4e,) Were synthesized from previously reported local
or regional values for each study area. For example, all study areas have ho-
mogeneous igneous or highly metamorphosed bedrock of Precambrian or-
igin without any presence of evaporites, and sulfidic deposits in such
bedrock have shown a mean §*S value of approximately 0 %o (Billstrom,
1991; Carlsson et al., 1999; Nielsen et al., 1991). Bedrock end-member
data for all study areas, and its natural variability, were derived from the
S isotopic dataset of Yngstrom et al. (1986), which is based on various
sulfidic minerals from northern Sweden having S isotopic values between
—3.4 and + 3.3 %o, which was previously used, e.g., in Fischer et al.
(2022a, 2022b). Data for S atmospheric deposition (i.e., Sso4 concentration
and §%*Sgo4 value) can however be expected to vary between the individual
study areas and was determined as outlined in the Supplementary Sections
S$3-S6 and S9. For example, each study area was supplied with individual
decade(s)-long monitoring records of Sgo4 concentration in atmospheric de-
position to represent the long-term average deposition concentration that
could reach the stream water system from both fast and slow S cycling in
the soil and biota. To account for natural variability in end-member param-
eter values, MSR was repeatedly calculated 10,000 times via a Monte Carlo
simulation, in which every simulation randomly sampled parameter values
from their respective independent parameter distribution. To accurately
represent ensemble statistics (e.g., median and average Monte Carlo-
outputs) on MSR-values close to 0 %, no truncation was applied to Monte
Carlo-outputs falling below 0 % (as suggested in Fischer et al., 2022b). Al-
though negative MSR-values are physically impossible, they were included
in the further analysis to avoid bias in the statistics, hence allowing negative
and positive errors to cancel in the aggregated results. Finally, a few water
samples at the Lake Gardsjon catchment had been reported to reflect
8%*Sg04 values severely impacted by re-oxidation of previously microbially
reduced SO3 ™~ during a very dry period (Morth et al., 1999). These couple
of samples, which consequently had high Sgo4 concentrations and at the
same time low 8*Sgo4 values, would yield highly biased MSR-outputs
and were excluded from further analysis. It is possible that there are
pockets, or time-periods, where re-oxidation would occur within all the
considered study areas; however, since re-oxidation results in impacts
that are opposite to the impacts of MSR (i.e., low Sgp4 concentrations and
high 83*Sg0, values), it would, in case of wide-spread re-oxidation, mask
the previous isotopic fractionation from MSR and result in underestimation
of overall MSR effects. Our model will therefore deliver results on the safe
side in terms of detecting MSR.

2.3. Accounting for snowmelt dilution in the MSR calculation

The direct input from melting snow to streams, i.e., the usually rela-
tively small meltwater fraction that either does not infiltrate into the soil-
groundwater-system due to ground frost, or melts directly into the stream
(hereafter referred to as event water), may due to effects of dilution bias
seasonal estimates of catchment-scale MSR (Fischer et al., 2022b). The
snow melt effect is here accounted for when estimating seasonal MSR-
values for the spring. We depart from the assumption that no substantial
MSR has occurred in the event water due to aerated conditions in the
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snow and the surficial fast travel times during spring flood, such that the
event water has maintained the isotope composition of the atmospheric
end-member. With this assumption, it follows that we can calculate MSR
for the non-event water, hereafter denoted the baseflow fraction of the
spring flood (see also Laudon et al., 2007). Thus, during the spring flood,
the measured stream water §>*Sgo4 value (Syyeqn) and Ssos concentration
(Cswream) could be re-interpreted as:

Ostream = aeven:f 'event + abasef base ®
and
Cstream = Cevent/ event + Cbasel base “®

where event denotes the event water fraction, base the baseflow fraction,
and feyens + fpase = 1. In the previously mentioned isotopic fractionation
and mixing scheme, the residual isotope value after potential MSR (8R) in
Eq. (2) was substituted for Eq. (3) and solved for &4, (instead of using
the total stream water measured isotope value, 8y eqm, S€€ Section 2.2).
The parameter of Cyreqm in Eq. (1) (When deriving f,,) was then substituted
for cpase from Eq. (4). Solving for f.q in Eq. (2) with the updated dg and &,
we calculated MSR for only the baseflow fraction of the stream water,
thereby obtaining MSR-values that were adjusted for dilution effects of
snowmelt.

This procedure was used for the Krycklan catchment since its extensive
spatiotemporal dataset (about 300 sampling points from 15 sub-
catchments) allowed for investigation of spring flood dynamics, in contrast
to the other datasets. Quantifications of the spring flood fractions of event
water (feyen) and baseflow (fyqs.) Were taken from Laudon et al. (2007),
who performed a two-component isotopic hydrograph separation based
on §'80-data from soil water, snow lysimeter and stream water measure-
ments within the Krycklan catchment during the spring flood in 2004. Av-
erage snowpack Sso4 concentration (Ceyend and 8>*Sgos value (Seyen) Were
determined from on-site snow sampling in March 2006, as reported in
Bjorkvald et al. (2009).

2.4. Indicator analysis relating landscape characteristics and catchment-
scale MSR

As indicators of catchment-scale MSR we considered quantifiable
landscape characteristics, acknowledging that successful indicators
must reflect preferred conditions for SRM, such as availability of Ner
and organic compounds for microbial metabolism (Muyzer and Stams,
2008), prevalence of anoxic conditions to sustain the SRM (Burgin
etal., 2011) and sufficiently long hydrological residence times to ensure
relevant contact between the reactant and the SRM (Hampton et al.,
2019; Vasquez et al., 2016). More specifically, regarding SO3~ avail-
ability, we recognize that catchment-average SO3~ concentrations
may not be the most suitable indicator of MSR. This is because a low
catchment-average SO~ level may either be due to wide-spread and
high MSR, or because lacking S supplies have constrained the MSR to
low values. Rather, to capture the capacity for high MSR via high SO%
~ levels, we here use the highest measured Sso4 concentration (in
stream water of the catchment or in the atmospheric deposition over
the catchment) as a landscape indicator of MSR. Furthermore, we
could not include quantifications of organic matter directly in stream
water as an indicator, since measurement data did not exist for all con-
sidered study areas. Forest coverage was instead used as a proxy for or-
ganic matter, since most of the organic matter in groundwater and
boreal streams originates from plant residues (Amon et al., 2012). The
average slope, as well as the average depth to bedrock within the catch-
ment (to indicate the possibility for unconfined aquifers in soil and qua-
ternary deposits) and the percentage of lakes and wetlands, were used as
indicators of anoxic conditions and relatively slow hydrological resi-
dence times (e.g., as similarly done in Devito and Hill, 1997), which
favor MSR. Frozen conditions have also been shown to generate and en-
hance anoxic environments, e.g., through ice-covered lakes (Andersson
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et al., 1992) and rivers (Goncharov et al., 2011). Therefore, for each
study area, the annual average percentage of months with average air
temperatures below 0 °C during the 10-year period before the start of
sampling was calculated and used as indicator of MSR. Information
needed to calculate these indicators was synthesized from available
public spatial databases, for example the CRU climate data (Harris
et al., 2014) and the Geological Survey of Sweden (SGU), for the respec-
tive study area (see Supplementary Section S2 for sources and full deri-
vation). The combined effect of all the indicators was investigated by
assigning each indicator a site-specific score from 0, representing condi-
tions that were judged to be unfavorable to MSR, to 4, representing con-
ditions that were judged to be favorable to MSR. For instance, a 100 %
forest coverage (indicating abundance of organic matter) would receive
the highest score of 4. More specifically, the scores were assigned based
on five equal intervals between the maximum and minimum indicator
value among all the study areas. For each study area the sum of all indi-
cator scores were then calculated and related to the average catchment-
scale MSR estimated from the S isotope analysis.

2.5. Regression analysis between landscape characteristic and MSR

Considering the high resolution dataset from the Krycklan catch-
ment (full-year measurements for 15 sub-catchments), an in-depth lin-
ear regression analysis was conducted for the Krycklan catchment by
relating annual average MSR-values of each sub-catchment to 20 land-
scape characteristics. The regression and r-values were calculated in
R using the Im() function, and both single variable regression (MSR vs.
one catchment characteristic) and combined variable regression (MSR vs.
two weighted catchment characteristics) were conducted (see Supplemen-
tary Section S7 for details).

3. Results
3.1. Catchment-scale MSR: S isotope results versus landscape indicators

MSR was detected at all five study areas. In general, the within-
catchment variation was large in the sampled locations' median Monte
Carlo simulation output (Fig. 4), displaying ranges as wide as ~0-79 %
MSR (within the Lake Mjosjon catchment). The interquartile range of the
Monte Carlo output was about 19 percentage units for all study areas.
The spatial average of these local MSR-values displayed a smaller but still
considerable range of 5-28 % for the five considered study areas (5 % at
Khibiny, 6 % at Lake Gérdsjon, 14 % at Krycklan, 19 % at Imetjoki, and
28 % at Lake Mjosjon; Table 1). Table 1 additionally shows the values of
the landscape indicators in the different catchments, and their respective
assigned indicator scores. In all cases, the assigned scores ranged between
0 (i.e., unfavorable conditions; red color in Table 1) and 4 (i.e., favorable
conditions; dark green color in Table 1) following the indicator score matrix
of Table 1. Comparing now the catchment-average MSR-values from the
isotope analysis with the sum of scores of the various landscape indicators
for the catchments (Table 1), we see that the two study areas (Khibiny and
Lake Gardsjon) with the lowest MSR (<7 % regardless of averaging
method) also had the clearly lowest indicator scores (having sums of 5
and 4, respectively). Furthermore, the catchment of Imetjoki, which
showed the highest MSR at its downstream-most point (of on average
21 %) had the highest indicator score of all catchments (with a sum of
22). In some cases, and in particular for Lake Mjosjon, the MSR-values at
its downstream-most point differs considerably from the MSR-values ob-
tained when all sampling points within the catchment are averaged (14 %
versus 28 %). This reflects a high variability within the catchment with
the 28 %-average value comprising relatively many measurements in
local hot spots (MSR > 60 %j; Fig. 4) that are not necessarily representative
for the catchment as a whole. Overall, the catchment-scale differences in
the MSR-values obtained from the S isotope analysis corresponds well
with the differences in the sum of scores from several different landscape
indicators (Table 1).



S. Fischer et al.

-O

Khibiny

Gakman 1
Gakman 2
Gakman 3
Yuksporiok 1
Yuksporiok 2
Yuksporiok 3
Belaya River
Vuonnemiok 1
Vuonnemiok 2
Vuonnemiok 3
Umba River

o "%c0e,

Imetjoki

Upstream Lake

Upstream Dagny Mine

Northern Lake

Imetjarvi Inlet

Maria Lake

Imetjarvi Outlet

Max Mine

Industrial area 1

Industrial area 2

Downstream 1

Downstream 1b

Downstream 2

Reference Nietsajoki

Downstream Fredrik Mine

Reference Lina River
Krycklan

Sampling locations

Risbécken
Vastrabacken
Lillmyrbacken
Kallkalsmyren

Stortjarnen Outlet
Stortjarnbacken
Kallkalsbacken
Fulbacken
Nyangesbacken
Stormyrbacken
Nymyrbacken
Langbacken
_Ohedbéacken
Ovre Krycklan
Krycklan

Lake Mj6sjon

Groundwater
Upstream Mjésjon S1
Mjésjon Outlet S2

Groundwater 9
Groundwater 5
F1 Stream

(o]
(@(®).0)

Lake Gardsjon

o

20

Science of the Total Environment 889 (2023) 163764

40 60 80

Example distribution

= ;\\\

Median

a0
O @O
20

40 60 80

Median MSR (%)

Fig. 4. Median MSR (%) per water sampling location within respective study area. The top two panels (Khibiny and Imetjoki) were calculated in Fischer et al. (2022b), and the
three bottom panels (Krycklan, Lake Mjosjon, Lake Gardsjon) were calculated in this study.

3.2. Regression analysis between landscape characteristics and MSR

The regression analysis for the Krycklan sub-catchments showed overall
relatively low linear relationships (maximum r*-values were around 0.4;
see Supplementary Tables S6-S7 for output details). Average slope gave
the best single-variable match with MSR-levels, however at an r*-value of
0.2. Combining two weighted variables against MSR gave the highest r*-
value of 0.41 for the specific combination NO3 stream water concentration
and pine tree coverage, however, all other 19 combinations involving NO3
and pine coverage, respectively, yielded low r*-values (0.1). This is in con-
trast to the combinations involving average slope, which overall showed
considerably higher r*>-values than that (0.2-0.4) with a maximum value
of 0.4 for the combination average slope and forest coverage (all tree spe-
cies).

3.3. Seasonality in MSR magnitudes

MSR within the extensively monitored Krycklan catchment shows evi-
dence of seasonal variability (Fig. 5), with particularly pronounced changes
occurring during the spring flood (taking place between mid-April to mid-
May; Laudon et al., 2007). Overall, MSR was highest during the winter sea-
son (Dec-Feb) as compared to the spring season (Mar-May; Kruskal-Wallis
at p < 0.001). Furthermore, the seasonal trends differ depending on the
characteristic land cover of the sub-catchments; i.e., high wetland cover,

high forest cover, or heterogeneous cover. For example, especially during
the spring season, wetland-type sub-catchments (orange triangles in
Fig. 5) had the highest MSR-levels as compared to forest sub-catchments
(green circles in Fig. 5) having the lowest MSR-levels (Kruskal-Wallis test
at p < 0.001). Specifically, forested and heterogeneous sub-catchments
show an average of 15 % MSR (range 2-33 %) in March to the beginning
of April. This is followed by a dip in the MSR-values in the beginning of
May (average 9 % and range ~0-14 %), and a slow recovery throughout
the rest of the year. Wetland catchments show a contrasting pattern
where a clear dip in MSR-values is lacking during the spring flood and
where, in contrast, the catchments with the highest density of wetlands ex-
hibit peaking MSR-values (up to 40 %; dotted orange line in Fig. 5) during
the spring flood.

4. Discussion
4.1. Model assumptions

The assumption behind the use of atmospheric deposition and
weathering bedrock as the major S isotopic end-members can be challenged
if there are other significant end-members present. For instance, if organic S
in the soils would undergo considerable mineralization, it could affect the
834Sg04 values in soil water and thereby act as an additional S isotopic
end-member (e.g., Novék et al., 2003). Previous regional studies however
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Table 1
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MSR-values derived from the S isotope analysis in relation to landscape indicators of MSR for the five considered study areas.

MSR-values from isotope analysis Khibiny Imetjoki Krycklan Lake Mjosjon Lake Gérdsjon
Avg. of all sampling points (%) 5.2 19.9 13.7 27.6 6.3
Avg. downstream-most point (%) 1.7 21.3 8.2 13.9 6.7
Khibiny Imetjoki Krycklan Lake Mjosjon Lake Gardsjon
Landscape indicators of MSR
Value Score Value Score Value Score Value Score Value Score
Max. Ssos concentration! (mg/L) 192 1 475 4.8 6.7 94
Forest coverage (%) 11.7 87.7 91.3 87.1 100
Avg. depth to bedrock (m) (.51 6.8 2 15.6 48 1 0.03
Lake + Wetland area (%) 0 15.3 54 1 9.3 3 1.2
Freezing conditions” (%)  50.8 56.7 442 3 41.7 3 12.9
Avg. slope (%)  36.8 13.5 20.4 3 21.9 3 323
Sum of scores: 15 14
(out of 24)
Landscape indicators: score assessment matrix
s 1 2 3
MSR indicator Low-medium Medium Medium-high
Max. Sso4 conc. (mg/L) 13.4-219 21.9-30.5 30.5-39.0
Forest coverage (%) 29.4-47.0 47.0 - 64.7 64.7-82.3
Avg. depth to bedrock (m) 3.1-6.2 62-94 9.4-12.5
Lake + Wetland area (%) 3.1-6.1 6.1-9.2 9.2-12.3
Freezing conditions (%) 21.7-30.4 30.4-39.2 39.2-479
Avg. slope?® (%) 27.5-32.2 22.8-27.5 18.2-22.8

"Measured in stream water for Imetjoki and Khibiny, and in atmospheric deposition for Krycklan, Lake Gardsjon and Lake Mjosjon,

see Supplementary Section S9 for details.

2Defined as the 10-year average percentage of months each year with average air temperatures below 0 °C.

3Low slope receives high score, and vice versa.

suggest that substantial mineralization to the degree of affecting the mixing
model is not likely at our study areas. For example, in an experiment con-
ducted at a catchment adjacent to the Lake Gardsjon catchment (Morth
et al., 2005), the entire area was covered with a roof to study the effect of
atmospheric deposition on the §**Sgo4 values in runoff. An artificial atmo-
spheric deposition of predominant marine source (8**Sgos value of
+19.7 %o) was sprinkled under the roof, and then compared to the previ-
ous natural deposition of predominant anthropogenic source (§>*Sgo4
values of +7.2 %o; Morth et al., 2005). Four years after the onset of the ex-
periment, the §3*Sgq,4 values in runoff were still similar to those of long-
term atmospheric deposition. The organic S in the mineral B horizon had
83%S values of about + 11 %o (potentially reflecting older pre-industrial ma-
rine influence), however, the exchangeable SO~ in the same horizon had
8348504 values of +7.7 %o (Morth et al., 2005; Torssander and Mérth,
1998). This suggested that the exchangeable S pool was mainly influenced
by anthropogenic deposition (Morth et al., 2005). Experimental studies
from the Gardsjon roof experiment suggest that the slow change in the
runoff §3*Sgo4 values — despite the drastic change in the deposition end-
member — was explained by bio-cycling of depositional S already in the sur-
face (humus) organic horizon (with the organic S having 8%4S values of
about + 6 %o) and thereby diluting the marine signal in the experimental
additions of sprinkler water in the roof experiment (Giesler et al., 2005).
The influence of the organic S pool in the mineral Bs horizon seemed thus
to be minor in Gardsjon (Morth et al., 2005) and would therefore also
have a minor effect on our MSR estimates.

The soil S pool within the Krycklan catchment has also been thoroughly
investigated. For example, Novak et al. (2003) found that the total soil S
pool in Aheden (situated in the lower reaches of the Krycklan catchment)
ranged from +5.4 to + 6.9 %o in the upper 20 cm of the soil. The dominant
organic S pool (carbon-bound S; 50-80 % of the total S pool) ranged be-
tween +4.9 to +8.2 %o (average + 6.4 %o). The §>*S value in dissolved

organic matter of stream water (8%*Ss_pon) within the catchment was
mostly below +6 %o (Giesler et al., 2009) and thus similar or slightly
lower than what was found both in the Aheden soils and the Ahedbiicken
stream water (annual average 834Sg04 values of +5.7 %o). Given that the
stream water 8>*Sg_pow values are reflecting the same streams as in this
study, and covering a full hydrological year, it is reasonable that they also
reflect the catchment soil organic S pool. If so, any contribution from min-
eralization from the organic S would be accounted for by the mixing
model's Monte Carlo simulation were the natural variation in the atmo-
spheric end-member ranged between + 4.6 to + 6.4 %o (Fig. 3c; Table S8).

Further, the model neglects potential out-flushing effects of S (mostly
originating from atmospheric deposition) that can be temporarily stored
in the soil. Such out-flushing events would temporarily increase the S con-
centrations of the stream systems. This may for instance impact estimated
seasonal MSR, since it affects how the mixing model is assigning the end-
member proportions in each stream water sample, which could result in a
seasonal over- or underestimation of MSR, although annual averages of
MSR will be less impacted, due to effects of smoothing. However, for this
effect to play a significant role in the MSR calculations, stream water Sgo4
concentrations need to exceed the concentrations set for the atmospheric
deposition end-member. Taking Krycklan as an example, the measured at-
mospheric deposition concentration (corrected for evaporation losses) be-
tween the years 1983 and 2005 had an average value of 2 mg/L (+0.8 in
standard deviation; Table S8 in Supplementary Section 9) while the mea-
sured streamwater concentration in Krycklan during 2005 had an average
value of 1 mg/L (% 0.5 in standard deviation; Fig. 3c). Thus, the stream
water concentrations rarely exceed the atmospheric end-member concen-
trations, implying that high-concentration peaks due to soil outwash were
lacking, and that the model correctly will assign the stream water concen-
trations to the atmospheric deposition end-member. This also holds for
Lake Mjosjon and Lake Gérdsjon with average historic atmospheric
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from Kallkélsbacken in 2005 reported in Bjorkvald et al. (2009).

deposition being 5 and 7 mg/L, respectively, while their average stream
water concentrations were 2 and 5 mg/L, respectively (see Fig. 3d and e).
On the other hand, for the Imetjoki and Khibiny study areas, which both
are impacted by mining, the stream water concentrations did exceed the at-
mospheric deposition (Fig. 3a and b). However, since the high concentra-
tion values were related to mining-impacted sampling points, it is more
likely that such concentrations originate from the bedrock end-member
and not the atmospheric deposition. We therefore believe that calculations
of MSR at our study areas remain robust also in terms of seasonal variation
in out-flushing of stored soil S.

4.2. Drivers of catchment-scale MSR

The results imply that landscape indicators (e.g., slope, forest coverage,
lake and wetland area) may be useful as proxy for isotopically-derived
MSR. In particular, the similarity between the sum of landscape indicator
scores and catchment-scale MSR-values suggests that several factors can in-
teract to augment MSR. However, single factors such as SOZ ~ availability
must obviously limit MSR if sufficiently low (e.g., Ng et al., 2017). Overall,
the relatively large catchment-internal variability in local MSR-values,
without apparent connection to corresponding local landscape features
(such as wetland or lake presence; see Fig. S11 in the Supplementary

Section S8) emphasize that spatial averaging over somewhat larger areas,
as practiced here, could be useful also for future studies of MSR drivers. Fur-
thermore, the regression analysis with the Krycklan data showed overall
relatively low linear relationships, e.g., the maximum r*-values were
below 0.4. Of all the 20 catchment characteristics, average slope gave the
best match with sub-catchment MSR. The indicator analysis added evi-
dence in the same direction, showing that catchment-scale average slope,
despite rather low r*-values, mimicked the catchment-scale MSR-levels rea-
sonably well at the five study areas. This may for instance be due to the fact
that slope essentially governs a catchment's overall hydrological residence
time and whether or not anoxic conditions can form.

Regarding temporal dynamics, our results for the Krycklan catchment
showed that catchment-scale MSR can exhibit clear seasonal variations. In
particular, the most pronounced changes in MSR appeared during condi-
tions of high discharge in spring. Detailed studies of the hydrological dy-
namics in the forested sub-catchments in Krycklan have previously shown
that the streams are fed through a mix of surficial and deeper flow paths
during winter baseflow, while during the spring flood, meltwater infiltrates
the ground, raises the groundwater level, and mobilizes a greater propor-
tion of the surficial water into the stream network (e.g., Buffam et al.,
2007; Laudon et al., 2007). Given that conditions for MSR are likely to be
less favorable in oxic, shallow soil layers than in deeper soil layers with
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prolonged residence time and anoxic conditions (e.g., as seen in Alewell
etal., 2006; Devito and Hill, 1997), it is plausible that the here observed de-
creases in MSR-values during the spring flood in forest and heterogeneous
sub-catchments (Fig. 5) reflect the typical conditions in shallow subsurface
flow paths. In contrast, results showed that MSR increased considerably in
the wetland dominated sub-catchments of Krycklan during the spring flood
(Fig. 5). This is likely related to the anaerobic conditions that favor MSR
arising in wetlands and small lakes as they become ice-covered during
winter (Andersson et al., 1992). The fact that the stream water of wetland
sub-catchments during the spring flood includes considerable volumes of
previously near-stagnant water that was stored under the ice cover of wet-
lands and other surface water systems could explain our recorded increase
of MSR (up to 40 % MSR; Fig. 5) during spring in such catchments. The ad-
ditional fact that MSR is maintained at medium levels also during summer
and autumn (Fig. 5) is likely due to a combination of mild temperatures and
high availability of organic matter.

4.3. Implications of non-negligible MSR at catchment-scales

Our results based on about 440 field measurements distributed across
five study areas in Fennoscandia, show that catchment-scale MSR within
the stream water systems (reflecting also input into the streams from
adjacent groundwater) was on average as high as 13 % (Table 1). Since pre-
vious MSR-quantifications, with few exceptions (e.g., Fischer et al., 2022a),
did not consider multiple locations within a catchment, they remained in-
conclusive with respect to the actual magnitude of catchment-scale MSR.
Our observation that the variability of MSR within catchments tends to
be larger than between catchments indicates that single measurement re-
sults may not necessarily reflect the conditions in the surrounding catch-
ment. This also provides a plausible explanation for the high variability
of previously reported point MSR-values under field conditions, ranging
from considerable MSR (Alewell et al., 2006; Dalcin Martins et al., 2018;
Ng et al., 2017; Pester et al., 2010) to negligible MSR (Kemeny et al.,
2021; Knoller et al., 2004; Shanley et al., 2008). The general lack of previ-
ous catchment-scale assessments also implies that present MSR results from
subarctic and humid continental catchments in Fennoscandia cannot be
compared with results from other climate zones. However, it is reasonable
to assume that the magnitude of catchment-scale MSR in warmer climates
may, at least, be of similar magnitude as we found here, for instance since
increased temperatures and biomass turnover can favor MSR (e.g., Moreau
et al., 2013; Xia et al., 2017).

Hypothetically, if at least 10 % MSR would be present on average within
the major river basins on Earth (i.e., relating to the here calculated 13 % av-
erage catchment-scale MSR for all five study areas), it would have implica-
tions for current estimates on the overall SO~ loading to river systems and
associated global weathering budgets. This includes terrestrial pyrite oxida-
tion, which is a main weathering process releasing S from the bedrock and
is also contributing to overall rock weathering releasing CO, to the ocean-
atmospheric system (Ross et al., 2018). For instance, Burke et al. (2018) ap-
plied a simple terrestrial weathering isotope budget for riverine SO3 ™ (8),
accounting for sedimentary pyrite (8,y,) and evaporite (3eyap) Weathering as
the two major S isotopic end-members at the global scale, i.e.; 8, =
Spyfpyr T Oevap(l — fpyr). They assumed 8,y = —12 %0, Sevap =
+17 %o, and 8,5, = + 4.8 %o, which resulted in a pyrite weathering fraction
(foyr) of 0.42 (i.e., from solving 4.8 = —12f,, + 17(1 — f,,)). However,
with 10 % MSR within global river systems, their estimated global average
riverine 83*S value of + 4.8 %o would represent a post-MSR isotope value.
The pre-MSR isotope value would then be lower. Employing the standard
Rayleigh equation (8g = 8¢ + €ln f.q; Mariotti et al., 1988) assuming an av-
erage surface water enrichment factor of —15 %o (Fischer et al., 2022b),
yields a 8y of +3.2 %o (i.e., 4.8 = 8, + (—15)In 0.9), and an f,,, value of
0.48, which is a considerably higher pyrite weathering fraction than 0.42.
This higher estimate agrees well with independent estimates for the
pyrite-derived SO3 ™~ fraction of 0.46 (based on river ion chemistry; Burke
et al., 2018), as well as other studies pointing out that the global pyrite ox-
idation is underestimated (e.g., Ross et al., 2018).
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Furthermore, MSR is thermodynamically more favorable than microbial
methane production which means that SRM can outcompete methanogens
and suppress methane emissions to the atmosphere (Burgin et al., 2011;
Schimel, 2004). This has been studied in natural wetlands (e.g., Blodau
et al., 2007; Pester et al., 2012; van Dijk et al., 2019), which contribute to
about 30 % of the global methane emissions (Saunois et al., 2016). Ac-
counting for such methane-suppression by SRM in global methane emission
models has been shown to result in lower predicted methane emitted from
wetlands between 5 and 25 % for the years between 1960 and 2080, which
means that estimates on methane production from wetlands can be
overestimated without consideration of MSR (Gauci et al., 2004). This em-
phasizes the importance of understanding the detailed spatiotemporal char-
acteristics of MSR.

5. Conclusions

This study presents first-of-its-kind results on catchment-scale MSR in
multiple stream and groundwater connected systems across five study
areas from southern Sweden to the Kola Peninsula in Russia. Specifically,
considering the magnitude, drivers and temporal trends of MSR, we have
shown that:

MSR is likely wide-spread in the landscape having a within-catchment
magnitude of 0 to 79 %, and a between-catchment magnitude of 2 to
28 %. The catchment-scale MSR was on average 13 % across the five in-
vestigated study areas. The interquartile range in MSR-magnitudes across
these areas was about 19 percentage units.

The combined abundance or deficiency of several different landscape el-
ements were found to indicate relatively well whether or not catchment-
scale MSR would be high. This includes the percentage of forest cover
that, e.g., reflects the provision of organic matter to the SRM, and the
areal percentage of lakes and wetlands providing longer hydrological res-
idence times and anoxic conditions needed by the SRM. While the pres-
ence of several landscape indicators in general were required to impact
catchment-scale MSR-levels, average slope was found to be the single in-
dicator that best reflected the measured MSR-level.

Seasonal variation in MSR had a maximum range of 30 percentage units
and was clearly impacted by the spring flood. In particular, relatively
high MSR during the spring flood in wetland/lake catchments is consis-
tent with the mobilization of water that under low-flow winter periods
can have developed anoxic conditions needed for MSR to occur.

Although there is a lack of catchment-scale assessments of MSR from
other regions than the here investigated subarctic and humid continental
catchments in Fennoscandia, it is conceivable that MSR in warmer climates
may, on average, be at least as high as found here due to favorable effects on
MSR from high temperatures and biomass turnover. Such a wide-spread
presence of freshwater MSR (on the order of 10 %) that remove Neyim
from global river systems would imply that the estimated supply of S from
weathering must be larger than previously anticipated. This may indicate
that the amount of global pyrite oxidation is underestimated. Catchment-
scale studies of MSR outside of Fennoscandia are however needed to deter-
mine the more precise extent of this potential underestimation.
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