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Abstract

With its unique stable isotope ratio and involvement in various
biogeochemical processes, sulfur serves as a valuable paleoenvironmental proxy.
Ice wedges have recently been evaluated as archives for aerosols, precipitation, and
organic matter, serving as useful archives of paleoenvironmental information.
However, sulfur isotopic compositions in ice wedges have not yet been
comprehensively explored or understood. This study presents the first sulfur
isotope geochemical data from the ice wedge of Northeastern Siberia. The samples
were collected from the Yakutsk (Cyuie, Churapcha, Syrdakh), Zyryanka, and
Batagay regions and separated into dissolved sulfate, particulate organic matter
(POM), and lithic particles. The sulfur isotopic composition from the different
areas shows consistent trends in each component. Yakutsk showed significant
enrichment of more than 6%o compared to the other study regions. Despite their
distance, Cyuie, Churapcha, and Syrdakh in the Yakutsk region have similar sulfur
isotopic compositions but are differed from values from the Zyryanka and Batagay
regions. This observation suggests a potential influence of the local bedrock on
sulfur sources. Sulfur isotopic compositions between modern precipitation, plant
sulfur, and ice wedges in Yakutsk and the upper and lower Batagay sections could
not find temporal variations in sulfur isotopic composition. Instead, the differences
observed within the same ice wedge suggest that while the source of sulfur-
containing materials remains consistent, the ice wedge may have temporal
sensitivity to glaciation. In-house freezing experiments and sulfide assay in the ice

wedge found that there was no fractionation during the freezing process and by



sulfate-reducing microorganisms within the ice wedge, indicating that the sulfur
contained in the ice wedge preserves the isotopic composition of the source
material. This study establishes an experimental method for analyzing sulfur
isotope analysis in ice wedges and is the first to use sulfur isotope composition data
to interpret the paleoenvironment of northeastern Siberia. The sulfur isotopic
composition data suggests that sulfur isotopic composition has the potential to
serve as a proxy, reflecting the geochemistry of the surrounding environment at the
time of ice wedge formation, and bedrock is the possible factor on sulfur isotopic
composition in ice wedges from inland. Furthermore, the observed spatial variation
in sulfur isotopic composition within the ice wedge is anticipated to offer insights
into the temporal evolution of the ice wedge over time, with the potential
advancement of future high-resolution dating techniques. These findings are
essential for further understanding past ice wedge formation environments and

provide a new method to explore the history of ice wedges.
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1. Introduction

Ice wedges are a type of ground ice found in permafrost and widely
distributed throughout the Northern Hemisphere (Alaska, northern Canada, and
Siberia). These ices are characterized by vertically developed foliation and varying
sizes of wedge-shaped bodies located beneath the polygonal patterns in permafrost
(Leffingwell, 1915; Harry & Gozdzik, 1988). The growth of ice wedges occurs due
to repeated frost-cracking and crack infilling. During winter, thermal contraction
causes the frozen ground, including the active layer, to crack vertically, and
multiple sources can fill these cracks, including (a) spring or summer meltwater
derived from snow, (b) winter snow and/or hoarfrost, and (c) windblown mineral,
soil, or organic material (Leffingwell, 1915; Soare et al., 2014; Opel et al., 2018).
Meltwater quickly refreezes at subzero temperatures and forms vertical ice veins to
grow, extending up to 10 m in width over hundreds to thousands of years (Opel et
al., 2018). In general, thermal contraction cracks tend to form at the center of the
last-formed ice vein, and then the ice wedge has a structure older from the center
toward the edges as repeated processes. However, ice wedges in nature have a
more intricate and unpredictable structure.

During the formation of cracks and refilling, various materials indicating the
environment or climate can become trapped within the veins. If the ice wedge has
not experienced melting since its formation, it can be used as an archive,
preserving a record of past climate and environment. As an archive, the main
advantage of ice wedges is the extensive occurrence of ice wedges within the
permafrost. Ice cores, traditionally used in paleoclimate studies, are spatially
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limited mainly to Antarctica, with only a few in Greenland and Canada. Thus, ice
wedges can be a helpful tool for understanding the paleoclimate of the Northern
Hemisphere. Ice wedges also reflect winter conditions, which may help bridge the
gap with other biological proxy data (e.g., diatoms, tree rings) that reflect summer
temperatures. Based on these advantages, recent studies have increasingly
recognized the significance of ice wedges as valuable proxies in paleoclimate and
paleoenvironmental reconstruction. For instance, water isotope records have been
used to confirm the Holocene winter warming trend (Opel et al., 2011; Meyer et al.,
2015; Opel et al., 2017), carbon isotope and biomarkers in soil have been inferred
environmental change in ice wedges (Vasil'chuck et al., 2020). The study of ice
wedges has been proven useful in previous work to characterize past climate and
environment as well as trace shoreline change (lizuka et al., 2019; Holland et al.,
2023). However, studies have yet to attempt to reconstruct the paleoenvironment of
ice wedges using sulfur isotope as a proxy.

Sulfur has characteristic isotope signatures (Figure 1) produced by chemical
or biological reaction cycling between different environmental spheres. Most of the
sulfur is stored in surface rocks, and sulfur-bearing minerals such as anhydrite,
gypsum, barite, and pyrite can exhibit highly variable sulfur isotope ratio (3**S)
with a range of -40 to +40%. (Thode, 1991) depending on their origin. The majority
of 3*S values were observed to form clusters around 0%o (igneous, volcanic, or
meteoric origin) and +20%o (evaporites). The reflection of the different microbial
activities, sedimentary pyrite has some extreme endmembers. In aquatic
environments, modern oceans, the average sulfur isotope ratio is +20.3%o, while

with §**S values for rain, snow, and freshwater sources ranging from 0 to +10%o



(Nriagu et al., 1991). Organic sulfur exhibits differing isotopic values depending on
originated sources. Sulfur from marine sources shows higher values (+15%o to
+19%o0; Oduro et al., 2012), while terrestrial biogenic emissions yield lighter values
(-10%o to -2%o; Panettiere et al., 2000; Zhang et al., 2010; Xiao et al., 2011). Thus,
comprehending the &%*S wvalues in nature is essential for reconstructing
paleoenvironments as it provides insight into the origin of sulfur-containing
materials and contributions of microbial metabolic processes in controlling the
sulfur cycle.

The objective of this study is to propose sulfur isotopes as novel potential
proxies for paleoenvironment and paleoclimate in ice wedges. To achieve this aim,
ice samples Yakutsk (Cyuie, Churapcha, Syrdakh), Zyryanka, and Batagay in
northeastern Siberia, Russia, were separated into dissolved sulfate, organic matter,
and lithic particles to analyze sulfur isotopic composition. The results of the
samples were categorized by region, enabling a comparison of the differences, and
identified factors characteristic of each site where the samples were collected,
assessing their influence on the enclosing materials. Furthermore, by conducting an
in-house freezing experiment and sulfide assay, the potential of in situ fractionation
of sulfur was tested, and the ice wedge itself can serve as an archive for sulfur
isotopic values. This research may show the most effective sulfur sources for ice
wedges growing inland and provide new insights into the paleo-
environment/climate by expanding the application of ice wedges as well as

implications for ice wedge paleoclimate interpretations.
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Figure 1. The natural range of 8**S values of Earth (Thode, 1991; Hannan, 1998;
Panettiere et al., 2000; Zhang et al., 2010; Xiao et al., 2011; Oduro et al., 2012;
Nehlich, 2015; Hammerli et al., 2021).



2. Study sites and ice wedge samples

Ice wedge samples were collected from three sites in northeastern Siberia:
Yakutsk (Cyuie, Churapcha, Syrdakh), Zyryanka, and Batagay (Figure 2).
Northeastern Siberia comprises a diverse geological setting comprising terrestrial
collisional belts and cratons, each characterized by distinct stratigraphic and
lithological features (Figure 2). This study area specifically lies within the confines
of the Siberian Craton, a prominent stable region, and the Verkhoyansk-Kolyma
orogen, an orogenic belt known for its tectonic complexities and geological
significance (Pop et al., 2006). The collision of rocks from different origins in this
region results in a distinctive transition from marine carbonates and evaporites to
terrestrial clastic marine and continental environments (Steiner & Barnet, 2021).
The climate of Northeastern Siberia is characterized by a typical continental
subarctic climate, with mean temperatures of -40°C and 16.2°C for January and
July, respectively (Gidrometeoizdat, 1989; Kim et al., 2019; Murton et al., 2022).
The active layer thickness in the region varies from 0.4 to 1.2 meters, contingent on
soil and vegetation types (Ivanova, 2003). However, in Yakutsk, the active layer
thickness is notably thicker, ranging from 1.2 to 2.5 meters, due to its relatively
higher summer temperatures, reaching 19.5°C in July (Fedorov & Konstantinov,
2003). The region experiences low annual precipitation, approximately 200 mm,
with the majority falling as summer rain.

Ice wedge samples were collected from Cyuie: in the 2015 summer,
Churapcha: in the 2016 autumn, Syrdakh: in the 2015 summer, Zyryanka: in the

2017 summer, and Batagay: in the 2017 summer (Kim et al., 2019; Opel et al.,



2019; Yang et al., 2020; Ko. 2023; Yang et al., 2023) (Figure 3). Yakutsk lies in the
central Yakutia lowland, which is covered with a well-sorted uniform tan loess-like
silt in variable thicknesses between 0.5 and 30 m (Péwé &amp; Journaux, 1983).
Three sites, Cyuie, Churapcha, and Syrdakh, near Yakutsk, are all located within
150 km of each other. The Cyuie site is located approximately 30 km southeast of
Yakutsk (61.73°N, 130.42°E). Samples were collected from two outcrops at the
Cyuie site, but only samples from the CYB outcrop were utilized in this study. The
Churapcha site is located 180 km from the east of Yakutsk (61.97°N, 132.61°E),
and the Syrdakh site is located 100 km northeast of Yakutsk on the Tyunglunskiy
terrace of the Lena River (62.33°N, 130.58°E). Both sampling sites were situated
near a thermokarst lake where lateral thermal erosion was active. Zyryanka is
located in the Kolyma Basin southern boreal region of the Kolyma River, which is
affected by thermokarst development. The region is underlain by Holocene alluvial
and Pleistocene lacustrine-alluvial deposits. Ice samples were used from two sites
(A, B site) in Zyryanka (65.93°N, 150.89°E). Ice wedge of Zyryanka, site A block
samples were taken horizontally at a depth of about 2.5 m from the ground, and site
B block samples were collected horizontally from the lower portion of the ice
wedge exposure. In Zyryanka ice wedges, samples were collected from two distinct
types: pure ice wedge samples and samples formed by refrozen soil water, which
consists of various natural waters and contains considerable soil sourced adjacent
permafrost soil. The Batagay Megaslump (67.58°N, 134.77°E), situated around 10
km southeast of Batagay in Yakutia, exposes four significant chronostratigraphic
units located above the underlying slate bedrock (Kunitsky et al., 2013; Opel et al.,

2019; Murton et al., 2022), and samples were taken from two extensive ice wedges



known as the upper and lower ice complex.

The age dating results by radiocarbon (*C) decay analysis show that the
Yakutsk ice wedges were formed during the Last Glacial Maximum (LGM). The
ages of the Cyuie ice wedges were determined to be between 18,130 £ 190 and
19,270 + 360 years BP from *C dating of CO, gas. The Syrdakh and Churapcha
ice wedges were likely formed between 20,970 + 80 and 26,570 + 160 years BP
(Yang et al., 2022). The age of plant remains in the Cyuie host sediments of 27,140
+ 150 years BP (Kim et al., 2019). The “C ages of Zyryanka samples are from 810
to 1,750 BP, corresponding to the late Holocene (Ko et al., 2022). From the
Batagay upper ice complex, plant material resulted in a date of 22 + 60 ka to 49 +
580 ka BP corresponding to the late Holocene (Ashastina et al., 2017; Murton et al.,
2017; Opel et al., 2019; Vasil'chuk et al., 2022). In the lower ice complex, the
results of post-infrared infrared-stimulated luminescence (pIRIR) dating of K-
feldspar from sand estimated that the ice wedge developed at least 650 ka in the
middle Pleistocene (Murton et al., 2022). d(N2/Ar) of ice wedge gas, which can
mean whether snowmelt occurred during the formation of the ice wedges, indicates
that the ice wedges from Yakutsk and Batagay were formed by dry snow
compaction rather than snowmelt infilling into the frost cracks. Meanwhile, the
Zyryanka ice wedges were formed by liquid water and dry snow (Kim et al., 2019;

Park et al., 2021; Ko et al., 2022; Yang et al., 2022).
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Figure 2. Map of study area. (a) Map showing the topographic setting of the
northeastern Yakutia, and the area investigated in this paper (Yakutsk, Zyryanka,
Batagay) in gray box; (b) Simplified tectonic map, showing location of the Siberian
Craton and the Verkhoyansk-Kolyma orogen, with the sampling sites of Cyuie

(CY), Churapcha (CC), Syrdakh (SD), Batagay (BG), and Zyryanka (ZY)
highlighted within the white circle.
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Pictures modified from Yang et al. 2020; 2022. Top left: Photographs of the Cyuie
sampling site and detailed pictures of sampling locations. Bottom left: Photographs
of the Churapcha sampling site. Right: Photographs of the Syrdakh sampling site.
(b) Photograph of the Zyryanka ice wedge outcrop. Pictures modified from Ko et al.
2020. Samples denoted white lines are not pure ice wedge. (c) Photograph of the
Batagay megaslump with main stratigraphic units and approximate sampling
locations of ice wedges (blue arrows). Pictures modified from fieldwork reports of
expedition to Batagay in 2019 (Jongejans et al., 2019).
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3. Methods

3.1. Sample pretreatment

In the study, sulfur isotopic compositions of materials comprising the ice
wedge — dissolved sulfate, organic matter, and lithic particles were measured to
characterize the geochemistry of the ice wedges. The overall process is shown in
Figure 4. The ice wedges were cut using a chainsaw into blocks at 100 to 200 g,
depending on apparent enclosing sediment contents, and stored in ziplock bags at a
-20 °C freezer.

Before proceeding with the sample melting process, it is imperative to
thoroughly consider the potential presence of sulfides in the ice, which could lead
to alterations in the meltwater's initial sulfur concentration and isotopic
composition due to oxidation during thawing. To test this possibility, 0.05 M zinc
acetate (ZnAC) solution (ACS reagent, >98%, Sigma Aldrich) was added to a
portion of each sample (~10 g). This addition of the ZnAC solution leads to the
formation of zinc sulfide (ZnS) through a reaction with the sulfides present,
resulting in precipitation. The quantity of Zn®>" added was adjusted to achieve a
final concentration of 100 pM in the melted solution, ensuring sulfide the
precipitation. Ice samples melted at 4 °C under dark, anaerobic conditions, and
then sulfide concentration was assayed by the spectrophotometric method
described by Cline (1969). As a result of this assay, the sulfide oxidation effect
would be negligible; the remaining samples were melted in the same process
without adding the ZnAC solution. After melting, the meltwater and soil were

separated by a centrifugal separator (1763 RCF, 10 min). The meltwater was
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filtered through a syringe filter (PTFE-H, hydrophilic, 0.2 um), rinsed three times
with deionized water (18 M€Q), and stored at cool conditions for isotope analysis.

The wet soil residues were rinsed three times with deionized water and dried at

70 °C for 24 h.

3.2. Sulfur extraction from POM and lithic particles

Organic matter and lithic particles in dried soils were distinguished using
heavy liquid separation (Nichols & Wright, 2006) based on the definition of
particulate organic matter (POM) in soil science (i.e., <1.8 g/cm?, >63 pum). The
fractionation was conducted using a solution of Sodium Metatungstate
(H2NagO4W 12, Alfa Aesar) as a heavy liquid at a density of 1.75 to 1.85 g/cm®. The
heavy liquid was added to 0.5 g of soil in a conical tube (50 ml, Polypropylene,
Falcon), and tubes were sonicated and centrifuged (1224 RCF, 30 min) to ensure
proper floatation of POM. This procedure was repeated three times. From the
floating fractions, POM was collected by sieving through a 63 pm mesh screen.
Sinking fractions that represent lithic particles and POM were washed thoroughly
three times with deionized water using a centrifugal separator (1763 RCF, 10 min),
followed by drying. The heavy liquid used in the experiments could be recycled
after filtering with a rinsed bottle top vacuum filter (0.22 um, Thermo Fisher) and
evaporation.

The procedure for sulfur extraction from the POM was followed by Wheal et
al. (2011) and Donovan et al. (2016), with modifications based on the sample
weight. Dried POM (2-10 mg) samples were placed in a 2 ml microcentrifuge tube

(Polypropylene, Simport) with 0.1 ml of HNO; (Ultra high purity, 70%, ODlab).
11



The caps were hand-tightened, and the tubes were vortexed to wet the material
perfectly. Then samples were pre-oxidation overnight in a fume hood at room
temperature. Initially, the samples were digested at 95 °C for 90 min in a heating
block. During digestion, the screw cap should not close completely as the
generated pressure may cause the microtubes to rupture, leading to sample loss.
The tubes were removed from the heating block and cooled at room temperature
before adding 0.1 mL of H>O; solution (for trace analysis, >30%, Sigma Aldrich),
then re-heated at 95 °C for 30 min. After cooling, 0.1 mL H,O, was added to each
sample, followed by a 45 min digestion at 95 °C. If the solution remained not clear
or pale yellow, an additional 0.1 ml H,O, was added and heated for 45 min at 95 °C.
Following the digestion process, deionized water was added to each tube to the 1
mL mark. The 0.9 ml of supernatants were collected in a Teflon vial by centrifuged
(12000 RCP, 3 min) and dried on a graphite heating plate for 12 h. The amounts of
HNOs3 and H:O; added during the procedure were adjusted based on the sample
quantity. The Teflon vials used in the experiments were washed with deionized
water five times, then soaked in 4 M HCI (Reagent grade, SAMCHUN) and heated
for a day. After treatment, the vials were rinsed three times with deionized water
and dried before use.

Dried lithic particles were homogeneously ground, and 0.5 g of samples were
transferred into a 15 ml conical tube. 9 ml of IN HNO3; was added to samples and
left on the shaker at room temperature for 12 days—all mineral sulfide phases,
including pyrite, oxidized to sulfate by this process. After leaching, the supernatant
was recovered by centrifugation (1763 RCF, 10 min) and filtered using a syringe

filter washed with 1IN HNO; and deionized water. Around 8.5 ml of recovered
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supernatant, 8 ml of this solution was transferred to a Teflon vial, and the solution
dried in a graphite heating plate (105 °C, 18 h) (Schimmelmann & Kastner, 1993).
Sulfate extracted from POM and lithic particles was dissolved in 0.9 mL of 0.3 M
HNO; and left on a shaker overnight for complete dissolution. The samples were
filtered through a washed syringe filter to remove some solid residues and

transferred to a 2 ml microcentrifuge tube.

3.3. Quantification and sulfur isotope analysis

Sulfate concentration was determined by Aquion lon Chromatography (ICS-
1100, Dionex). The ICS-1100 was equipped with an AS-DV automatic sampler,
analytical column (Dionex Ionpac AS10-4mm), guard column (Dionex Ionpac
AS10-4mm), and a suppressor (Dionex ASRS-4mm). An aqueous solution
containing 100 mM NaOH was used for elution. Except for meltwater, the samples
were diluted 100 or 500 times because concentrated NO3™ in the solution affects
anion separation efficiency. Calibration standards and Na,SO4 spike were run
during each session to ensure the validity of the calibration curve. The overall error
in ion concentration generally falls within the range of 5 to 10%.

Sulfate ions in the sample were separated using AG1-X8 anion exchange resin
(100-200 mesh, Chloride form, BIO-RAD). The column (Poly-Prep columns, 0.8 x
4 cm, Bio-Rad) was cleaned with 4 M HCIl and filled with 1.4 ml of anion
exchange resin. 28 ml 1.6 M HNOs (Reagent grade, SAMCHUN), 4 M HCl
(Reagent grade, SAMCHUN), and deionized water passed through the column to
clean the column. Followed by 14 ml of HCI (Ultra high purity, 70%, ODlab) was

added to condition the resin. The amount of sample loaded onto the column was
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determined by the final 100 nmol of sulfur. Passed through 28 ml deionized water
to remove the cations and recovered in a Teflon container using 8 ml 0.5 M HNOs
(Ultra high purity, 70%, ODlab). The recovered samples were dried on a graphite
heating plate (105 °C, 18 h). Purified samples were dissolved in 0.8 M HNO; and
diluted to the concentration of the in-house standard (20 uM) using 0.8 M HNO:s.
The concentration of Na* in the sample was adjusted to 40 uM using a NaOH
solution (IC grade, Sigma-Aldrich) to reduce the effect of the difference in Na*
concentration between the standard and the sample for isotope analyses (Paris et al.,
2013; Yuet al., 2017).

The sulfur isotopic composition of the prepared samples was analyzed on Nu
instruments Multi Collector-Inductively Coupled Plasma Mass Spectrometer (MC-
ICP-MS, Plasma 3, UK) installed at the National Center for Inter-university
Research Facilities (NCIRF) at Seoul National University. The settings of the
instrument were optimized for the day of analysis, and the general conditions of
this study are shown in Table 1 (Moon et al., 2021). The sample was introduced to
MC-ICP-MS by nebulizer (ESI PFA-100) and desolvator (Cetac Aridus II) to
reduce serious interference from molecular ions, mainly hydrogen and oxygen
species. Cup configurations for sulfur were H6 cup for **S, H1 cup for **S, and L4
cup for *?S in medium resolution mode (Resolving power 7000). Sulfur isotope
compositions were detected on the interference-free shoulder on the low-mass side
of the peak (Craddock et al., 2008; Paris et al., 2013; Moon et al., 2021). Mass bias
was corrected using a sample—standard bracketing (SBB) method with repeated
measurements of the standard before and after each sample. The measured sulfur

isotopic compositions are reported in delta-notation relative to the international
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standard Vienna-Canyon Diablo Troilite (V-CDT):

KXo, 32
8%S = 1000 - |3, Ssampte 4] X = 330r34 )

X< /32
(*5/*“S)y_cor

3.4. In-house freezing experiment

To evaluate the effects of ice freeze-thaw processes on the distribution of 32S,
34S in meltwater, an in-house freezing experiment was conducted. A 100 mM stock
solution of Na;SO4 (>99%, Sigma Aldrich) was prepared and diluted to 1 mM. The
1 mM solution was divided into four 50 mL conical tubes and frozen at - 20 °C
freezer. Depending on the degrees of frozen (30%, 60%, and 90%), the remaining
solution from each tube was recovered to analyze. The entire experiment was

repeated 6 times to verify the reliability of the data.
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Table 1. Instrument operating conditions for S isotope determination using MC-ICP-MS

followed by Moon et al. (2021).

Desolvator setup

Spray chamber temperature
Desolvating membrane temperature
Ar sweep gas

N> flow

Nebulizer

Flow rate

Cones

Mass spectrometer and measurement setup
RF power

Cool gas

Aux gas

Cup configuration
Resolution mode
Acquisition
Integration time
Uptake time
Volume of sample

Wash + background measurement

110°C

160°C

3.3-5.51/min

0.5-1.0 /min

PFA-100 (ESI)

100 pl/min

Ni HS1-7 Skimmer cone
Ni FB9 Sampler cone

1300 W

13.0 /min

0.8 - 0.6 I/min

328 (L4), 33S (H1), **S (H6)

Medium resolution
(50 pum entrance slit)

50 blocks
5 sec

90 sec
700 ul

14 min
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Sample preparation

1) Sulfide assay (Cline, 1969)
2) Thawing, 4 °C, dark condition

v

Isolation of dissolved sulfur

1) Centrifugation, 3000 rpm, 10 min
2) Filtering, PTFE-H, 0.2 pm
3) Drying residue, 60 °C, 24 h

v

Density fractionation 3
< 1.8 g/cm

1

1)50ml, 1.8 gJ'cm3 SMT solution
2) Centrifugation, 2500 rpm, 30 min, 3 times

v

Wet sieving

- Remaining > 63 pm fractions
(POM)

Chemical oxidation

-9 ml, 1 M HNOg, 12 days (Lithic particles)
-0.9ml, 1 M HNO3 30 % Hy0, (POM)

v

Sulfur analysis

y
1) Purification, AG1-X8 anion exchange resin
2) Measurement of 545, MC-ICP-MS

1

Figure 4. Overall ice wedge sample treatment flow chart for sulfur isotope analysis.
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4. Results

Ice wedge samples from 6 sites were analyzed for sulfate concentration and
isotopic composition. In some cases, characterized by elevated ice content, the
availability of sufficient POM and lithic particles for analysis was limited, solely
the liquid components were used. Additionally, for neighboring samples presumed
to exhibit similar characteristics in their ice wedges, soil components were
combined for comprehensive analysis.

The overall geochemistry data of dissolved sulfate, POM, and lithic particle
are shown in Table 2. The mean POM contents measured from the ice wedges is
0.029 £ 0.021 g kg'!. The minimum value of 0.004 g kg™! was detected in B19-
IW10 and the maximum concentration of 0.070 g kg ' in Zy B-LOW-B. The
content of lithic particles ranges from 0.8 g kg™' (Zy B-LOW-B) to 27.0 g kg™
(B19-IW5), average 9.3 + 6.4 g kg !. The S contents from POM and lithic particles
in all samples had approximately similar concentrations. The concentration of
dissolved sulfate differed, ranging from 2.7 uM to 40.9 uM. Within the same ice
wedge, the concentration remained relatively stable, except for samples collected in
Churapcha, which exhibited a wider range of 3.9 to 40.9 uM. The concentrations
for other regions were as follows: Cyuie (2.7 to 9.4 uM), Syrdakh (11.2 to 23.1
uM), Zyryanka (2.21 to 11.51 uM), and Batagay (3.57 to 27.81 uM). The mean
sulfur isotopic composition of meltwater (8**Ssos), POM (8**Spom), and lithic
particles (8**Siimic) coincided within an average range of 4%, with lithic particles
generally showing lighter values compared to other components (Figure 5).

However, distinct differences were observed between the regions, as Yakutsk
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showed enrichment, while Zyryanka and Batagay exhibited relative depletion in a
similar manner. Yakutsk, Zyryanka, and Batagay ice wedges showed mean §3*Sso4
of +8.9%o, +1.0%0, and +0.4%o, 5**Spom of +6.8%o, -1,5%0, and +2.0%o, and &**Siinic
of +6.8%o, -1.4%o, and -3.6%eo, respectively. In all sampled ice wedges, correlations
between concentration and isotope value were generally insignificant (Figure 6).

In the detailed analysis, within the Yakutsk region, Syrdakh exhibited a higher
average 6*Ssos value compared to the Cyuie and Churapcha ice wedges.
Churapcha showed a depleted 8**Simic of approximately 4%o (Figure 5). The
enriched 8*Ssos and 8**Spom values observed at these three sites closely matched
with measurements of +10.4%o0 and +9.1%., respectively, obtained by Chukhrov et
al. (1980) from samples collected in modern Central Yakutia during the 1970s.
Among the studied sites, Zyryanka was the only location that provided detailed
location data within a singular block. This data revealed a discernible trend of
concentrated sulfate ions on the side of the ice wedge may influence of permafrost
experienced sulfide oxidation or biogeochemical cycle (Figure 7). In the Batagay
site, both the upper and lower complexes showed a nearly identical isotopic
composition within 1%.. However, a notable distinction was observed that the
lower ice complex did not yield any POM in the soil samples used for isotope
analysis. Data from Park (2023) revealed that total carbon contents (TOC) ranging
from 0.54 wt% to 1.52 wt% and carbon isotope values (8'3C) in particles from both
layers at -25%o, indicating an origin from C3 plant-derived organic carbon. Further
examination using scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) revealed that particles from the Batagay ice wedge were

angular rocks characterized by higher density and notable silicon content, ruling
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out carbonized organic matter (Figure 8). The TOC and &'*C values of these
particles (-23.9%o, 1.37 wt%) closely resembled those of the Batagay soil, with
TOC content being 1.4 times higher than the mean value.

The results of the in-house freezing experiments are shown in Figure 9. The
8%S values were similar to those of the 6 repeated sets of experiments. The sulfate
concentration of the remained water was increased from 1 mM to 5 mM in all
samples while freezing. The isotope ratios did not change significantly during the
phase transition from water to ice; differences between the samples were
meaningless within 0.8%o, as reproducibility (2c) of the 8°*S analyses (+0.4%o) in
the same instrument (Moon et al., 2021). As a result of the sulfide assay, all
samples showed sulfide concentrations below the 0.2 um for STD. Therefore, the

influence of sulfide oxidation would be negligible.
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Table 2. Geochemistry data from the northeastern Siberia.

dissolved sulfate POM Lithic particle
Samplingsites — Sample ID entration (uM) 57 (%) COMEIS  gag op o (wive)  COMMS 348 (0p)  pom (wi%h)
(gkg) (gkg)
Yakutsk
Cyuie CYBO03 2.7 8.3 0.052 11.1 1352 6.5 8.9 14
CYBO04 6.7 9.3 0.019 9.1 4717 5.3 8.0 32
CYBO05 5.2 8.4 0.064 8.1 4695 18.2 6.7 39
CYB06 9.4 8.7 0.018 7.6 2629 7.9 10.1 57
Churapcha Chu#2 3.9 8.3 0.018 14.5 5398 6.5 4.7 12
Chu#3 21.6 6.5 0.005 11.1 5818 4.1 4.0 40
Chu#8 40.7 7.4 0.044 3.3 2713 12.4 4.4 45
Chu#9 4.9 94 na
Chu#16 40.9 7.0 0.045 6.3 3889 11.9 53 23
Syrdakh SYO1 11.2 11.2 na 4.6 7.3 22
SY04 23.1 10.3 0.013 6.5 2160 6.1 6.9 28
SY07 20.6 11.7 0.016 5.6 2962 4.6 8.3 21
Zyryanka
Zy A-WI1-C 4.7 2.5 na
Zy B-LOW-A 144.1 0.1 0.181 2.7 6577 198.5 0.7 3
Zy B-LOW-B 4.8 22 0.031 -0.8 2765 2.9 -1.4 30
Zy B-LOW-B 11.5 -3.5 na
Zy B-LOW-B 9.9 -1.4 0.070 -1.9 2776 0.8 -1.4 34
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Zy B-LOW-B 5.8 3.2 0.005 0.0 3779
Zy B-LOW-C 3.2 1.3 na
Zy B-LOW-D 311.9 3.4 0.371 -1.0 8599 265.3 1.2 2
Batagay
Upper complex B19-IW9 11.2 1.6 0.012 0.2 2422 6.1 -2.0 4
B19-IW10 14.2 2.1 0.004 6.4 2475 16.3 4.2 4
B19-IW10 10.2 0.3 0.016 0.9 8796 6.2 2.3 25
B19-IW11 3.6 1.3 0.043 1.0 1838 13.7 -4.5 17
B19-1W11 13.4 -1.3 0.039 1.2 3315 8.7 4.4 10
Lower complex B19-IW3 27.8 -0.3 17.1 -5.0 20
BI19-IWS5 25.6 0.8 e 27.0 2.9 14
2 2



Table 3. Sulfur concentration and isotopic composition data from in-house freezing
experiment. The experiment was repeated 6 times for accuracy.

Samples Frozen fraction ~Concentration (mM)  5**S (%o)
Exp.1 0.00 1.09 41
0.35 1.55 -3.8

0.58 2.14 -4.4

0.93 4.35 -4.5

Exp.2 0.00 112 47
0.38 1.29 -4.2

0.66 1.73 -4.3

0.85 3.29 -4.3

Exp.3 0.00 1.10 -4.0
0.35 1.65 -4.1

0.65 2.81 -4.6

0.96 5.45 -4.3

Exp.4 0.00 1.16 -4.2
0.28 1.30 -4.1

0.65 2.81 -4.1

0.80 6.19 -4.4

Exp.5 0.00 0.83 -4.4
0.35 1.05 -4.3

0.58 1.77 -3.8

0.93 3.55 -4.1

Exp.6 0.00 0.84 -4.5
0.38 1.05 -4.1

0.66 1.70 -4.4

0.85 2.64 -39
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Figure 5. Sulfur isotope values in the ice wedges from the northeastern Siberia
used in the study. The black solid square means the average sulfur isotope
composition of ice each region. (a) Overall mean sulfur isotope composition of ice

wedges from the Yakutsk, Zyryanka and Batagay; (b) Detailed isotope composition

of dissolved sulfate, POM, Lithic particles for Yakutsk.
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Figure 6. Sulfate concentration and isotope composition of dissolved sulfate in the
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B Map Sum Spectrum

Element Weiglt % Atomic %
c 11.37 17.19
o 53.78 61.05

Na 1.24 0.98
Mg 0.76 0.57
Al 6.36 4.28
Si 21.84 14.12
K 211 0.98

Y, Fe 2.53 0.82
_]i|l|1;|i||l|||||1;1|||| 100 100

Figure 8. SEM images and EDS elemental spectrum of handpicked sample from
B19-IW3 mineral particle. The morphology of the particles and quantification
results confirms that the black particles in the Batagay lower ice complex are not of
organic origin.
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5. Discussion

5.1. Factors controlling the ice wedge sulfur geochemistry

5.1.1 Dissolved sulfate

The ion chemistry of the ice wedge is influenced by the snow, snow meltwater,
and aerosols that accumulate through wet and dry deposition (lizuka et al., 2019;
Holland et al., 2023). Since sulfate behaves nearly conservatively under
oxygenated conditions, deposited in the ice wedge would indeed reflect the past
atmospheric value (Ohmoto & Lasaga, 1982). The reaction after deposition,
especially sulfate reduction by sulfate-reducing bacteria (Sim et al., 2023), however,
could alter the source sulfur isotopic composition. When microorganisms utilize
sulfate for metabolism in a closed system, sulfide is formed as a product, and
sulfate concentrations decrease while the isotopic composition increases. In the
study area, all regions show low sulfide levels, and no correlation was observed
between changes in sulfate concentrations and isotopic composition (Figure 6).
Thus, the occurrence of isotopic fractionation by sulfate-reducing microorganisms
is not expected. Along with the observation that the isotopic composition of sulfur
remained unchanged during freezing, the findings from the above experiments
collectively offer compelling evidence that the ice wedges used in the study
effectively preserve the initial sulfate composition, reflecting the aerosol
characteristics at its source.

Sulfate in the atmosphere can originate from sea-salt aerosols, biogenic

emissions, dust particles, and anthropogenic activities such as fossil-fuel
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combustion (Guo et al., 2009). However, in this study, the contribution of
anthropogenic sources can be excluded since the youngest ice wedges used was
formed at approximately 800 BP (Ko. 2023) before increased human industrial
activity. Sea-salt aerosols are one of the largest sources of environmental particles
produced by the evaporation of sea spray resulting from breaking waves. The
relative contribution of sea-salt (ss) and non-sea-salt (nss) SO4> for the dissolved
sulfate collected in the ice wedge was estimated according to Keresztesi et al.
(2020) based on the ion concentration of Cl- and SO4* in the meltwater. This
calculation assumes that a reference element ClI originates exclusively from sea-salt
aerosols and that sulfate does not undergo fractionation during aerosol formation or
transport. The seawater molar ratio of SO4*/CI" is approximately 0.05 (Zancanaro

et al., 2020).

O/E] SSF — 100*[CI_]msltwate'r*[SOE_./CI_]ssawnte'r
[SOE_]m eltwater (2)

% nssF = 100 — ssF 3)

The considerable contribution of sea salt, with average percentages of 20%,
39%, and 26% in Yakutsk, Zyryanka, and Batagay, respectively, highlights the
significance of considering its impact on the &°*S values (Table 4). However,
studies investigating the relationship between distance to the coast and 3°**S have
indicated that the sea salt effect is typically limited to distances within 70 km from
the coast (Wakshal & Nielsen, 1982), while factors like topography and wind
direction can influence this distance (Wadleigh et al., 1994, 1996; Mast et al.,

2001). The distance between the three regions in this experiment and the coast is
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over 300 km in a straight line, even for the closest region (Batagay). The
dominance of COs*-Ca®" ions in the Batagay ice wedges also suggests that salts
cannot be attributed to marine origins (Vasil’chuck et al., 2020). Instead, the
calculated high ssF means that it may be due to contributions from continental salt
sources, including stagnant-marsh waters, secondary salts from evaporation and
cryogenic mineralization, and brine groundwater, which can be supplied through
cracks in the ice (Vasil’chuck, 2016; Alexeev et al., 2020). In addition, the heavy
84S values (+21%o; Ostlund, 1959) of sea-salt compared to the light 6**S values (-
4.7%0 to +11.7%0) from study sites ruling out that sea-salt is likely a major
contributor to dissolved sulfate.

Biogenic emissions pose challenges in explaining the source of sulfate, as the
variation of seasonal biogenic activity. Studies of various proxies that can infer
biological productivity indicate that marine and terrestrial biological production is
more active in summer than winter (Lana et al., 2011; Li et al., 2018). Additionally,
volatile biogenic sulfur, which is a product of biological activity, has a relatively
short atmospheric lifetime, lasting less than a week (Fischer et al., 2007). Therefore,
biogenic sources would have little influence on the &3*S values of winter
precipitation in northeastern Siberia.

Considering the cold continental climate promoting physical weathering
processes at the time of ice wedge formation, lithogenic dust is likely the primary
natural source of solutes to the snow. For dust, sulfate can be sourced as evaporite
minerals (gypsum, anhydrite, and halite) readily soluble in water and reduced
sulfur that undergoes oxidation during weathering. The dissolution of eolian

components by precipitation can lead to a shift in the measured 3**S, potentially
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resulting in both higher sourced from evaporite minerals and lower values from
reduced sulfur (Wakshal & Nielsen, 1986; Mast et al., 2001; Liebman et al., 2011).
Significant dust sources can be attributed to outwash plains during glacial periods,
where substantial dust particles were deposited due to glacial abrasion. The glacial
ablation led to the removal of surface bedrock, exposing fresh material and
increasing the rates of pyrite weathering (Torres et al., 2017). Near the study area,
in fact, extensive erosion is believed to have occurred due to glaciation. During the
last glacial period and Pleistocene cold stages, the broad expanse of homogeneous
loess-like silt originated from the major rivers draining the glaciated terrain and
was deposited in valleys with glacial outwash. The wind carried the sediment
across outwash plains, depositing silt near Yakutsk and Batagay (Pewe et al., 1983;
Ashastina et al., 2017). The loess in the Zyryanka is hypothesized to be a result of
the glacially sourced tributaries of the paleo-Kolyma River.

The sulfur isotopes of the three sites exhibit values that are relatively
consistent with the geological information in the surrounding area of the study.
Central Yakutsk is located on the Siberian Platform, which is extensively covered
with sedimentary layers of marine origin, such as marine carbonates, evaporites,
continental shelf, and slope sediments (Figure 2; Parfenov, 1991, 1997; Huh et al.,
1998). The Siberian evaporite deposited during the Cambrian period shows isotopic
compositions reaching up to 30%. and the presence of sulfide ores from the
northwest of the Siberian Platform shows the heavy isotope **S enrichment (8-
11%o; Vinogradov & Grinenko, 1966). In contrast, the bedrock in Zyryanka and
Batagay, sourced from the continental tectonic collision zone (Chersky Range,

Alazeya-Oloy arc terrane), consists of metamorphosed and volcanic rocks with
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slightly lighter 3**S values ranging from —5.8%o to +2.0%o (Tyukova & Voroshin,
2008; Dubinina et al., 2019), which aligns with the findings of the experiment.
Based on the evidence presented, it can be inferred that terrestrial-origin dust had a

considerable influence on the sulfur isotopic composition of precipitation.

5.1.2 POM

To plant, sulfur is essential to synthesize essential compounds such as proteins
and secondary metabolites (Trust & Fry, 1992), and they obtain sulfur from various
sources, including bedrock and natural atmospheric sources, primarily in the form
of sulfur dioxide and sulfates (Sparks et al., 2019). During the uptake process, there
is negligible fractionation, and any potential fractionation that might occur (+£2%o)
is considered insignificant compared to the spatial variability in 6**S values. So, it
is reasonable to expect that pore water and plants would have similar sulfur
isotopes. However, biogeochemical processes in the soil, such as sulfate reduction
by sulfate-reducing bacteria or oxidation of sulfide, can modify the initial sulfur
isotopic composition of the source. Sulfate-reducing bacteria can engender a
relatively heavier isotopic signature of sulfate, while the oxidation of sulfide can
result in a concomitantly lighter isotopic composition of pore water. Consequently,
this isotopically modified sulfate is subsequently assimilated by plants, leading to
discernible discrepancies between the source and the plant organic matter in terms
of their sulfur isotopic composition. The findings obtained from the sample
analysis showed that the average §**S values in dissolved sulfate and POM at the
overall regions except for Syrdakh showed no significant differences, but there was

only a weak correlation comparing each data. Thus, it is considered that microbial
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activity was limited in the vicinity of the ice wedge, and the relatively low §*'S
values observed at Syrdakh are believed to be a result of the adjacent soil
environment, such as sulfide oxidation (Jones et al., 2020), and could also be
influenced by the activity of sulfate-oxidizing microorganisms present in nearby
wetlands.

Additionally, there was another noteworthy difference in POM content
observed between the upper and lower ice complexes of Batagay. The absence of
detectable POM was expected to impact TOC and 3'*C data, but no significant
difference was found between the upper and lower layers of the ice wedges
analyzed in this study. Previous research has shown that the soil in Batagay was
found to contain slate, which can be considered a form of recycled organic matter
(Courtin et al., 2022). So, the lower carbon isotope value observed in, the lower
complex indicates that organic matter could be attributed to recycled carbon,
specifically from the slate present in the sample. The narrow, high structural
features of the lower ice complex explain the absence of POM in the lower
complex in Batagay. Sediments rapidly supplied by neighboring glaciers under the
periglacial influence during the formation of the lower ice complex are thought to
have disrupted or blocked biological cycling (Shepelev et al., 2018). The
vegetation that thrives in the region can impact the amount of organic matter found
in the ice wedges. Meadows provide plant species with the highest soil carbon
(Wan et al., 2019). As meadows predominantly covered the upper ice complex
compared to the lower ice complex (Courtin et al., 2022), they could have supplied
more POM than the lower ice complex, where shrubs were more prevalent.

Vasil'chuk et al. (2020) also support the environmental change that increased §'*C
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lipids from pedogenic material in ice wedges with depth due to the landscape

change from grassland ecosystems to forest ecosystems.

5.1.3 Lithic Particles

Water-soluble sulfate has traditionally been utilized to study aerosol
characteristics and origins; however, it is important to recognize that in specific
regions, around 50% of total sulfur in dust particles may be insoluble (Huang et al.,
2010), indicating that soluble sulfate aerosols only represent a portion of the total
dust sources. Consequently, analyzing the insoluble sulfur in ice wedges can yield
valuable additional insights into the origin of sulfur deposition. This insoluble
sulfur, derived from the reduced form of sulfur with low solubility, offers further
information on the sources and processes influencing the sulfur content and isotope
in the ice wedges.

At all the studied sites, lithic particles generally showed lighter isotopic
compositions compared to dissolved sulfate. The isotopic composition of
precipitation is believed to reflect additional sources that can contribute to
variations in sulfur isotopes. This finding suggests two potential explanations: 1)
the presence of an additional source contributing to the precipitation and 2) the
occurrence of fractionation during the oxidation of reduced sulfur. A variety of
sulfur sources of precipitation, heavier evaporite like anhydrite (+16.5%0 to
+30.2%o in the Yakutsk; Ryabov et al., 2018) can be present in the atmosphere as
fine particles or dissolved in water and directly affect the isotopic composition.
These different sulfur sources in the region can contribute to mixing isotopic

signatures in precipitation, leading to a range of sulfur isotopic compositions
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observed in the northeastern Siberian ice wedge. In addition, in areas of significant
physical erosion like glaciated catchments, as the material is removed before
reactions are completed, non-stoichiometric stages of pyrite oxidation are expected
to occur (Stallard & Edmond, 1983). During pyrite oxidation, in such cases,
positive fractionation values (€so4-suifidcc = +0.4%0 to +3.5%0) can occur (Hindshaw

etal., 2016).

5.2. Temporal variation & S in Ice wedge

In synthesis, the geochemical data acquired from the preceding ice wedges
substantiate that modifications in 8**S of dissolved sulfate reflect the geological
characteristics of the source region and play a crucial role in tracking atmospheric
sulfate origins. However, within the scope of this investigation, the sulfur isotopic
composition changes were not observed over time. Modern Central Yakutia show
enriched 'S of dissolved sulfate, POM (+10.4%o, +9.1%0) each as high as the
values during the LGM when the ice wedge formed and two ice complexes in
Batagay also exhibit consistent sulfur isotopic values despite a 20 ka time lag, and
the time gaps of over 600 ka. The sulfur isotope composition of the Lena and
Kolyma rivers, situated near the study region, also has been found to resemble the
8**s04 (Lena River: +19.3%o0, Kolyma River: -4.8%o; Burke et al., 2018). The
bedrock, which is the main sulfate source in the ice wedges, is not easily altered or
modified over short periods, as they are influenced by geologic events occurring
over long periods of time. These features of the ice wedges can be compared to
glaciers, which are already widely used as paleoenvironmental proxies.

Ice core studies, there have already been several reports of §**so4 changes over
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different time timescales (Alexander et al., 2003; Jonsell et al., 2005; Gautier et al.,
2018; Burke et al., 2019; Crick et al., 2021). Recently, Uemura et al. (2022) found
that in a new record sulfur isotope spanning 6 and 25 kyr BP, LGM to Holocene,
the 8*s04 values exhibited a depletion of 3.6%o. These differences are likely due to
differences in the types of aerosols that predominantly supply ice wedges and ice
core samples. Surrounding thick ice cover nearly all of the continents in polar
regions; the influence of surrounding bedrock is limited. Isotopic analyses of Sr
and Nd in ice cores from Greenland suggest that the dust mainly originated from
sites closer to the edge and at lower altitudes derived from proximal source regions
(Bory et al., 2003). This suggests that dust is dominated by local effects when the
source is nearby. Instead, long-distance transport of biogenic emissions and
terrestrial dust may be the main source of sulfate deposition within the ice sheet
(Kaufmann et al., 2010; Goto-Azuma et al., 2019; Fisher et al., 2023). These
sources and transport mechanisms of sulfur compounds can be sensitive to
fluctuations in climate and environmental conditions, and thus sulfate content and
isotopic composition in ice cores reflect changes in atmospheric circulation
patterns and ocean productivity (Alexander et al., 2003; Uemura et al., 2022).
However, even in ice wedges that appear uniform on average, variations
greater than 5%o are observed within ice wedges. This variability can be caused by
spatial heterogeneity in the underlying rocks or sulfur isotope fractionation during
subsurface weathering. Although the overall mean value of bedrock is
differentiated between study areas, there are also differences within them: In the
study area, the 3**S values of sedimentary rocks from the Verkhoyansk-Kolyma

fold are significantly lower than those of carbonate and evaporite rocks deposited
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in the Siberian crust but vary from -11%o to +3%o depending on location and age.
Furthermore, sulfide oxidation in anaerobic environments in subglacial
environments can enrich the sulfate produced in **S by up to several %o relative to
the reactant pyrite (Hindshaw et al., 2016). Consequently, the increased sulfur dust
resulting from the preceding glacial abrasion and the resulting pyrite oxidation
fractionation is expected to make the concentration and isotopic composition of
atmospheric dissolved sulfate sensitive to the glacier system.

Indeed, this study represents the first exploration of sulfur analysis in ice
wedges, and many aspects are yet to be investigated and understood. Given the
growth of ice wedges over millennia, the §**Ssos record contained within them
possesses the potential to provide valuable insights into past environmental
conditions, including fluctuations in glacial activity within the source region,
provided that it can be accurately resolved over an appropriate timescale. However,
the limited organic matter content in ice wedge samples presents challenges in
conducting high-resolution measurements using carbon isotope analysis with
organic matter. Dissolved organic carbon (DOC) dating can be used as an
alternative to plant remains for dating ice wedges, providing higher content and
uniform distribution compared to plant debris (Wetterich et al., 2023). Therefore,
analyzing changes in sulfur isotopic composition through high-resolution
precipitation analysis can be a valuable tool for identifying changes within ice

wedges.
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Table 4. Sea salt contributions of sulfate in ice wedge.

Concentration (uM)

Sea salt contribution

Sampling sites Sample ID o S0 YossF venssF

Yakutsk

Cyuie CYB-04 26.5 2.7 49.4 50.6
CYB-05 19.9 6.7 14.8 85.2
CYB-06 44.6 5.2 42.9 57.1

Churapcha Chu#3 75.8 21.6 17.5 82.5
Chu#8 58.7 40.7 7.2 92.8
Chu#16 41.6 40.9 5.1 94.9

Syrdakh SY01 44.1 11.2 19.7 80.3
SY04 75.7 23.1 16.4 83.6
SY07 49.1 20.6 11.9 88.1

Zyryanka
Zy A-W1-C 66.4 4.7 70.4 29.6
Zy B-LOW-B 4.8 4.8 5.0 95.0
Zy B-LOW-B 78.0 11.5 33.9 66.1
Zy B-LOW-B 73.1 9.9 37.1 62.9
Zy B-LOW-B 56.4 5.8 48.4 51.6
Zy B-LOW-C 167.6 32 2618 -161.8

Batagay

Upper ice complex  B19-IW9-gas3 94.8 11.2 425 57.5
B19-IW10-gasl 77.7 14.2 27.4 72.6
B19-IW10-gas2 51.7 10.2 25.4 74.6
B19-IW11-gasl 72.2 13.4 26.9 73.1
B19-IW11-gas2 23.5 3.6 32.9 67.1

Lower ice complex B19-TW3 73.1 27.8 13.1 86.9
B19-IW5 73.6 25.6 14.4 85.6
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Figure 10. Correlation between 3**Ssos and 8**Spom. Distinct regional trends of
heavy and light isotopic compositions are evident in precipitation and organic

matter, yet the correlation between these variables appears weak.
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6. Conclusion

This study focused on applying sulfur isotope as a proxy to indicate
paleoenvironmental conditions in ice wedges and provided valuable insights into
the sulfur isotope geochemical data for the first time. To accomplish this objective,
sulfur concentrations and isotope compositions of precipitation, POM, and
minerals separated from the ice wedge were measured. The study used samples
from three locations in Northeast Siberia: Yakutsk, Zyryanka, and Batagay in
Russia.

Sulfide concentrations, an indicator of microbial activity in the ice wedge,
were measured below the detection limit. Furthermore, the sulfur isotopic
composition of precipitation in all three regions tended to be similar to that of POM.
This evidence indicates that the sulfur isotopic composition of precipitation in the
ice wedge had not undergone further fractionation since the ice wedge formed in
the past. Additionally, in-house thawing experiments were conducted to confirm
the fractionation of sulfur isotope composition in ice. In-house freezing
experiments demonstrated that there was no change in the isotopic distribution
when gradually ice frozen.

No significant temporal variations in isotopic composition were detected,
while distinct differences in isotopic composition were observed among various
bedrock types. All three regions share similar trends in the sulfur isotope
composition of dissolved sulfate, POM, and lithic particles, aligning with the sulfur
isotopic signature of the local bedrock identified in previous studies. The high

sulfur isotopic composition in Yakutsk was attributed to aerosols formed in
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exposed evaporites and marine-origin pyrite supplied by enriched sediments. In
contrast, the Zyryanka and Batagay relatively light sulfur isotopic composition
likely originated from terrestrial origins metamorphosed bedrock.

Sulfur isotopic composition over time shows different behavior in ice wedges
and glacier cores. Sulfate composition changes observed exclusively in ice cores on
similar time scales indicate the dominant factors influencing the atmospheric sulfur
cycle in the study area. During glacial periods, weathering and erosion of nearby
bedrock by glacial play a crucial role in influencing the terrestrial sulfur cycle,
whereas in polar regions with limited bedrock exposure, long-distance transported
biological emission and dust becomes the primary factor. Despite experiencing
environmental change or time gap, sulfur isotope composition indicates the source
is stable.

However, within the same ice wedge, clear variations in sulfur isotopes were
observed, which are thought to be the result of differences in sulfur isotopic
composition due to the spatial distribution of bedrock and the effects of
fractionation of sulfides by glaciers. The intensity of glacial erosion, which may
indicate a transient glacial/interglacial cycle, may indicate that the concentration
and isotopic composition of atmospheric dissolved sulfate are expected to be
sensitive to the glacier system.

High-resolution age dating within ice wedges is challenging due to
insufficient organic matter content, but new methods using DOC are expected to
allow comparisons of environmental changes in sulfur over time within ice wedges.
Therefore, if it becomes feasible to obtain high-resolution records of sulfate isotope

ratios in ice wedges, it is anticipated that differences in 8**S, linked to diverse rates
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of pyrite oxidation, could be observed.
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