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Synopsis: Dispersed ground ice in permafrost peatlands contains sizable amounts of labile C and
metals that can be quickly mobilized in aquatic systems upon permafrost thaw; this may strongly

increase riverine export of carbon, phosphorus and some metals.

Highlights :

* Dispersed ground ice in permafrost peatlands contains sizable amount of labile C, metal and
nutrients;

*  We discovered a local maximum of strong enrichment in DOC, P, Ca, Mg, Mn, Fe, Sr, As
30-50 cm below the active layer;

e This maximum likely occurred due to solute concentration during full freezing of the soil
column in winter;

* A correlation between DOC, Al, Fe and trace elements element suggests control of organic
complexes and colloids;

* Peat ice thaw can double the annual riverine export fluxes of DOC, P, and Zn in western

Siberia
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ABSTRACT

The physical and chemical consequences of massive ground ice (wedges) melt upon
permafrost thaw is one of the central issues of environmental research linked to climate warming in
the Arctic. Little is known about the chemical properties of dispersed ground ice abundant
throughout permafrost peatlands that can easily melt with increasing active layer thickness (ALT).
This is especially pertinent in continental lowlands, that account for sizeable areas of the Arctic, and
contain high amount of organic carbon in both solid (peat) and liquid (porewater) phases. Here we
studied 8 peat cores (0-130 cm depth)—comprised of porewater from the active layer (0-45 cm) as
well as ice dispersed in frozen peat (40-130 cm)—across a latitudinal profile of Western Siberia
Lowland (WSL) extending from discontinuous into continuous permafrost zones. Dissolved Organic
Carbon (DOC), alkali and alkaline-earth metals (Ca, Mg, Sr, Ba, Li, Rb, Cs), sulfate, phosphorus,
some trace elements (Al, Fe, Mn, Zn, Ni, Co, V, As, Y, REE, Zr, Hf, U) were sizably [more than 3
times] enriched in peat ice compared to peat porewaters from the active layer. In most sampled cores,
there was a local maximum of strong enrichment (up to factors between 14 and 58) in DOC, P, Ca,
Mg, Mn, Fe, Sr, As located 30-50 cm below the active layer. This maximum likely occurred due to
solute concentration during full freezing of the soil column during winter. There was a sizable
correlation between DOC, Al, Fe and other major and trace element concentrations that suggests
strong control of organic complexes and organo-mineral (Al, Fe) colloids on element migration
throughout the peat profile. The pool of C, major cations and trace metals in peat ice (40-130 cm)
was approximately 3 to 55 times higher than the pool of these elements in porewaters from the active
layer (0-40 cm). A 1-m increase of the ALT over the next 100 years is capable of mobilizing 58+38
Tg of DOC from soil ice into the rivers and lakes of the WSL latitudinal belt (63-67 °N). This fast
lateral export of C (3.7+2.7 t C km™ y!) may double current C yields in WSL rivers (3.4%1.3 t C km’
2 yh. A strong increase (150 to 200 %) in riverine export of Zn, P and Cs may also occur while other
micronutrients (Fe, Ni, Co, Ba, Mo, Rb) and toxicants (Cd, As, Al) may be affected to a lesser
degree (20 to 30 % increase). We propose a global peat ice inventory in permafrost regions is
essential for assessing the consequenaces of permafrost thaw on surface aquatic systems.
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INTRODUCTION

Fast thawing of permafrost in the Arctic biome (Capek et al., 2015; Grosse et al., 2016;
Johnson et al., 2013; L. Pelletier et al., 2015; Luc Pelletier et al., 2015; Schuur et al., 2015; Vonk et
al., 2015) brings about a number of events of local (thaw slumps, thermokarst, shore abrasion) and
global (riverine water flux increase, C emission to the atmosphere and export to the Arctic Ocean)
significance. In the majority of climate warming scenarios, thawing of frozen organic matter (OM)
(Drake et al., 2015) and increase of hydrological flux and subsurface water travel time due to change
of precipitation regime (Connolly et al., 2020; Frampton and Destouni, 2015; Walvoord and
Kurylyk, 2016) are the main processes that have to be considered in predictive modeling of climate
warming consequences in the Arctic. Dominant mechanisms for frozen OM transformation into
aqueous DOC and greenhouse gases (CO>, CHs) include microbial and physico-chemical reactions
of the solid C reservoir that is transferred into the aqueous and subsequently gaseous phase. In this
regard, numerous studies have addressed the behavior of C and related elements during soil organic
matter interaction with aqueous solutions and DOM transformation under biotic and abiotic
processes (Drake et al., 2015; Shirokova et al., 2019; Vonk et al., 2013). Little attention has been
given to the consequences of melting ground ice, capable of initiating rapid biotic and ecological
changes, which can facilitate major ecosystem shifts (Becker et al., 2016; Parmentier et al., 2017;
Selroos et al., 2019; Turetsky et al., 2020). Moreover, most studies of ground ice have dealt with
massive ice lenses and wedges (Fritz et al., 2015, 2011; Opel et al., 2018; van Huissteden, 2020;
Vonk et al., 2013) that are ubiquitous in continuous permafrost zones (French and Shur, 2010;
French, 2007); however, such ice lenses and wedges may constitute only up to half of the volume of
the top 3 m soil layer (Pollard and French, 1980). In contrast, dispersed ground ice present in soil
pores beneath the active layer have remained outside of scientific research; these relatively small
reservoirs of water, C and dissolved components are highly labile as they can thaw much faster.
More importantly, dispersed ground ice exhibits strong enrichment in C and related elements, as has
been demonstrated from the relatively limited studies concerning the yedoma soils (Ewing et al.,

2015a; 2015b). Permafrost with low ice content (< 10%) occurs in mountainous regions and high
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plateaus, and represents 15.8% of the land area (Zhang et al., 2008). Ground ice lenses and ice within
mineral soils have been extensively studied in permafrost soils of Northwestern Territories of
Canada (Kokelj et al., 2002; Kokelj and Burn, 2005, 2003), western Canadian Arctic (Subedi et al.,
2020), and in the Qinghai-Tibet Plateau (Wang et al., 2018), although these authors used distilled
water addition to characterize soil water chemical composition across the core. The importance of
studying soil ice in the permafrost regions stems from the fact that during summer most rivers and
lakes are fed via thawing of ground ice which is delivered to the hydrological network via
suprapermafrost flow (Loiko et al., 2019; Raudina et al., 2018; Thompson and Woo, 2009; Zong-Jie
et al., 2018).

Dispersed ice may be especially important in permafrost peatlands because of the high
porosity of peat and possibly the high vulnerability of ice located within discontinuous permafrost
zone. However, studies of chemical properties in native dispersed ice within peatlands of the
permafrost zone remain very limited. Furthermore, even porewater analyses from the active layer of
permafrost peatlands are very rare. In fact, among several studies of mineral soil porewaters from
permafrost regions (Fouché et al., 2014; Herndon et al., 2015; Jessen et al., 2014; Koch et al., 2013;
Marlin et al., 1993; Mavromatis et al., 2014; Pokrovsky et al., 2006; Prokushkin et al., 2005) only
Frey et al. (2016) and Raudina et al. (2017) provided such results. Frey et al. (2016) studied soil
pore waters from the yedoma wetland soil of the Kolyma River region. Raudina et al. (2017)
characterized peat porewater of the western Siberian Lowland (WSL). The lack of knowledge on the
chemical composition of soil ice in permafrost peatlands and pool of C and elements in this highly
labile solid phase is problematic. It can impede quantitative estimates on the consequences of active
layer deepening and permafrost thaw on C and element exportation from soil to river and ultimately
ocean.

This study aims to fill this knowledge gap by analyzing water and ice from several
representative peat core samples from the WSL, the largest permafrost peatland in the world. For this
study we sampled the interstitial soil solutions of the active layer and ice from frozen peat layers

across a 400-km latitudinal transect of discontinuous to continuous permafrost. In the context of
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climate warming scenarios, understanding soil ice interactions within WSL is important due to the
facts that: 1) it encompasses both discontinuous and continuous permafrost zones and contains soil
temperatures around 0°C that are highly vulnerable to thawing (Romanovsky et al., 2010); 2) it
contains a huge reservoir of organic carbon located in surficial (< 3-4 m) still frozen peat layers
(Beilman et al., 2009; Botch et al., 1995; Frey and Smith, 2007; Gentsch et al., 2015; Kremenetski et
al., 2003; Sheng et al., 2004; Tarnocai et al., 2009; Turunen et al., 2001); 3) the West Siberian
peatlands contain the largest soil water and ice resources in the northern hemisphere (Smith et al.,
2012); and 4) it presents a permafrost type gradient and highly homogeneous landscape parameters.
The latter allows for straightforward testing of the effects of climate, permafrost, and vegetation on
soil ice and water chemistry without interference from rock lithology, runoff, relief, proximity to the
ocean, and localization of underground waters.

Our primary goal was to compare the distribution of Dissolved Organic Carbon (DOC), major
and trace elements (TE) between pore waters and dispersed ice to evaluate the pools of C and
inorganic solutes in liquid and frozen peat water. A secondary goal was to quantify the lateral pools
of carbon and elements in these two highly mobile reservoirs of permafrost peatlands. For this, we
analyzed the latitudinal trend of peat pore water and ice chemical composition with respect to DOC,
major and TE concentration and we applied a substituting-space-for-time approach, originally
developed for surface waters of western Siberia, (i.e. Frey et al., 2007a, 2007b; Frey and Smith,
2005). This allowed us providing empirical provisions on riverine export fluxes of C, nutrients and
metals to the Arctic Ocean due to permafrost boundary change and the increase in active layer

thickness.

2. Study site and Methods

2.1. Geographical setting and soil water and ice sampling

Several representative sites of permafrost peatlands (frozen bogs) were selected in the
northern part of WSL as depicted in Fig. 1. These were comprised of 3 cores sampled in northern

taiga (Khanymey), 3 peat cores sampled in forest-tundra (1 core in Pangody and 2 cores in Nadym),
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and 2 cores sampled in southern tundra (Tazovsky) biomes. The region belongs to the watershed of
the Ob, Nadym, Pur, and Taz rivers which drain Pleistocene sand and loess-like silts and are covered
by a 0.1 to 4.0 m peat layer as described in Table 1. The mineral substrates are quite similar among
all 4 sites of the northern part of WSL and were subjected to strong influence of aeolian and
subaerial processes in the of the Late Pleistocene and Holocene (Astakhov and Nazarov, 2010; Panin
et al., 2020; Velichko et al., 2011). Mean annual air temperatures are —5.6, —6.4, —5.7, and —-9.1°C for
Khanymey, Pandogy, Nadym and Tazovsky, respectively (Trofimova and Balybina, 2014).
Permafrost is present at all sites and ranges from sporadic and discontinuous in the south to
continuous in the north. The Khanymey, Pangody and Nadym sites were sampled exclusively on the
peat mounds where the active layer thickness ranged from 28 to 45 cm. The annual temperature
pattern at different depth of peat mound in the Khanymey site is shown in Fig. 1 D. In Tazovsky,
permafrost is continuous which allowed for sampling thawed and frozen peat from both peat mound
and hollow as the active (unfrozen) layer was always located within the peat horizon. The specificity
of the WSL setting allows using a latitudinal approach to test the impact of permafrost on peat ice
chemical composition as shown for peat waters (Raudina et al., 2017, 2018) because: 1) the
boundaries of permafrost follow those of temperature and vegetation at otherwise similar relief,
lithology and runoff; 2) we studied the most common Histosols that form large frozen peat bogs,
occupying more than 4 of the WSL territory (592,440 km?); and 3) all samples in this study were
collected from frozen mounds, and we have demonstrated a subordinary role of local factors such as
micro-landscapes on element concentration in peat porewaters (Raudina et al., 2017) and supra-
permafrost waters (Raudina et al., 2018).

Altogether, 31 soil porous waters (from the active layer) and 66 peat ice (from the permafrost
layer) in 4 sampling sites were collected from 5-20" August 2018. To collect peat ice, the frozen
peat core (diameter 4 cm) was extracted using a Russian peat borer (modified techniques according
to Shary et al., 2018), cut using a ceramic blade into 10-cm layers, and thawed at room temperature.
Immediately after full thawing of the frozen core, peat water was extracted through 100-pm

precleaned Nylon net by applying a local confining pressure (1-5 kg cm™, depending on sample
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humidity). The obtained slurry was centrifuged for 15 min at 3500 rpm and the supernatant was
filtered through 0.45 um acetate cellulose filter with the first 10 ml of filtrate discarded. The water
from the thawed part of the peat core, above the permafrost table, was extracted using the same
method but in the field and immediately after peat sampling. A similar procedure has been used for
the yedoma ice characterization (Ewing et al., 2015a; 2015b). The ice content in permafrost peat
layers was quantified by measuring the difference between the weight of a subsample (126 cm?) of

frozen core and its weight after full drying in an oven (for 2 days at 105°C).

2.2. Analyses

Filtered solutions were divided into two parts: 1) acidified (pH ~ 2) with ultrapure double-
distilled HNOs for trace element (TE) analyses and 2) non-acidified for DOC, DIC and anion
analyses. Blanks were performed to control the level of contamination induced by sampling and
filtration. DOC blanks of filtrate never exceeded 0.2 mg/L which is quite low for the organic-rich
waters sampled in this study (i.e., 10-200 mg/L DOC). The UV absorbance of the filtered samples
was measured at 254 nm using 10-mm quartz cuvette on an Eppendorf BioSpectrometer. The
specific UV-absorbency (SUVAss4, L mg'm™) is used as a proxy for aromatic C, molecular weight
and source of DOM (Ilina et al., 2014; Weishaar et al., 2003).

The pH was measured in the field using a combined electrode with uncertainty of +0.02 pH
units. DOC and DIC were analyzed using a Carbon Total Analyzer (Shimadzu TOC VscN) with an
uncertainty better than 3% (see Prokushkin et al., 2011 for methodology). Major anion (CI, SO4%*)
concentrations were measured by ion chromatography (HPLC, Dionex ICS 2000) with an
uncertainty of 2%. International certified samples ION, PERADE, and RAIN were used for
validation of the analysis. Major cations (Ca, Mg, Na, K), Si, and ~40 trace elements were
determined with an Agilent ce 7500 ICP-MS with In and Re as internal standards and 3 various
external standards. Details of trace element analyses in DOC-rich waters of western Siberia can be
found in Pokrovsky et al. (2016b). The SLRS-5 (Riverine Water Reference Material for Trace Metals

certified by the National Research Council of Canada) was used to check accuracy and
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reproducibility for each analysis (Yeghicheyan et al., 2013). Only those elements that exhibited good
agreement between replicated measurements of SLRS-5 and the certified values (relative difference

< 15%) are reported in this study.

2.3. Statistical treatment

The concentration of dissolved carbon and major and trace elements in peat waters at each
sampling site was separately tested for normality. The normality of data distribution was explored
using the Shapiro-Wilk test. Because data were not normally distributed, we used non-parametric
statistics. Thus, the median and interquartile range (IQR) were used to trace dependence of element
concentration on latitude in both the active layer and permafrost layer. Comparison of DOC, major
and TE concentrations and pools in porewaters of the active layer and peat ice at each sampling site
was conducted using a non-parametric Mann Whitney test at a significance level of 0.05. For
comparison of unpaired data, a non-parametric H-criterion Kruskal-Wallis test was used to reveal the
differences between different study sites.

Principal component analysis (PCA) was used for the full set of sampled waters and ice. The
PCA analysis allowed to test the influence of various parameters, notably the latitude and ALT on
the DOC and elemental concentrations. All graphics and figures were created using MS Excel 2010,
MS Visio Professional 2016 and GS Grapher 11 package. Statistical treatment was performed using

STATISTICA-7 (http://www.statsoft.com).

3. Results

3.1. PCA and correlations between elemental concentrations in peat porewater and ice

The PCA of the full dataset yielded 2 possible factors contributing to the observed variations
in elemental concentrations (i.e., 24 and 15 %, Fig. S1 of the Supplement). The first factor acted on
Be, Ti, V, Y, Zr, Nb, REE, Hf whereas the second factor was defined by DOC, SO4%, Li, Mg, Al,

Ca, Zn, Ga, Rb, Sr, Cd, Cs and Tl. A large number of elements yielded a significant (R > 0.5 at p <
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0.05) and positive correlation with DOC such as SOs, Li, Be, Mg, Al, P, Ca, Fe, Co, Ni, Ga, Rb, Sr,
Cd, Cs and TI1 for the full peat column (Table S1 of the Supplement). Considering the active and
frozen part of the core separately, the DOC was positively (p < 0.05) correlated with Be, Al, Ni, Sr,
Nb in the porewaters of the active layer and with SO4%, Li, Be, Na, Mg, Al, Si, P, K, Ca, Mn, Fe, Co,
Ni, Zn, Ga, Rb, Sr, Cd, Cs, Ba, Hf, Tl and Pb in the peat ice.

In the active layer porewaters, Fe always exhibited much lower correlation coefficients with
most TE compared to Al. Thus, in the thawed layer, Al positively correlated (R > 0.5 at p < 0.05)
with DOC, Li, Be, Si, Ca, Ti, V, Cr, Ni, Ga, Ge, Sr, Y, Zr, Nb, Mo, REE, Hf and U, whereas Fe
correlated only with Si, Ca, Co, Ni and Sr. However, in the peat ice, virtually all major and trace

elements correlated equally well (R > 0.5, p < 0.05) with both Fe and Al (Table S1).

3.2. Vertical profile of element concentration in active layer and frozen peat

The vertical concentration profiles of DOC, SUV Ajsa, P, Ca, Al, Fe, Na and CI in sampled
cores (porewater of peat active layer and permafrost peat ice) are illustrated in Fig. 2 A-F. Other
elements are shown in Supplement Fig. S2 and S3. The mean values with S.D. for all major and
trace elements in the active and frozen layers of each region, as well as the WSL-averaged values for
peat porewater (ALT) and peat ice are listed in Table 2. Note that one Nadym core and one
Khanymey core were sampled until 90-100 cm depth; although these cores are not illustrated in Fig.
2, the results were used for statistical treatment. According to the vertical pattern of element
distribution from the surface downward to 90-130 cm peat depths, most major and trace elements
exhibited concentrations in the active layer that were sizably (a factor of 2 to 10) lower than those in
the frozen layer. The DOC, Ca, Mg, Sr, P, Fe, Mn, Li, Rb, Cs and As were mostly enriched in the
peat ice and are 5 to 10 times the concentrations in the active layer. Only B, Cl, K, Sb and Pb
demonstrated similar or even lower concentrations in peat ice when compared to the porewater. The
SUVA»s4 was always high above 60 cm depth, with the maximum values (2 to 4) achieved at 20-30
cm. A decrease in SUV Azs4 with depth (below 30 cm) was pronounced in Khanymey, Nadym and

Tazovsky peat cores.
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There was a clearly pronounced local DOC peak that typically occurred 30-60 cm below the
current active layer boundary (Fig. 2 A, B, C, E, F). It can be seen that this peak is highly
pronounced in the Khanymey, Pangody and Tazovsky sites where DOC concentrations reached
1000, 1700, and 2400 mg/L, respectively. Some other major (Mg, Ca, Si, K) and trace (Li, Be, Al, P,
Fe, V, Mn, Co, Ni, Zn, Ga, As, Rb, Sr, Mo, Cd, W and Pb) elements also exhibited a local maximum
below the active layer (Fig. 2 and Fig. S3).

To quantify this peak, we calculated the ratios of maximal concentration at the peak to the
average value of the two nearest surface (0-10 and 10-20 cm depth) and the two deepest (130-120 cm
and 120-110 cm) layers. A histogram illustrating the average ratios (degree of enrichment at the ~90
cm depth) and based on values averaged over all peat cores is shown in Fig. 3. It can be seen that Mn
(by a factor of 12), DOC, Mg, Fe, Sr, P, Rb, Co, As, Cs, Li, Ni, SO4, Cu, Hf, Be, Al, U, Zr,Cd, Y, V,
Si, T1, Zn and REEs are strongly (by a factor of 3 to 10) enriched in this layer relative to the surface
horizons (Fig. 3 B). Phosphorus, Fe, DOC, Ca, Sr, SO4%, Cs and U are enriched (by a factor of 2 to

5) in this layer relative to the bottom horizons of the peat core (Fig. 3 C).

3.3. Lateral elementary pools in active layer and permafrost layer

Based on water and ice content over the full depth of peat cores sampled across different
permafrost zones, we calculated lateral (surface-normalized) pools of dissolved (< 0.45um) C and
elements in the upper active peat layer (0 to 30 cm depth depending on site), and in the bottom
(frozen) peat layer (30 cm to 130 cm depth), as listed in Table 3. To calculate elementary pools in
each layer under 1 m? of land surface, we used the equation:

[Element Pool, g/m?] = C x W

where C is average element concentration in the given layer, mg L', and W is water content in the
layer, L.

Two important observations can be made from these assessments. First, the pool of DOC,
nutrients and metals in the peat ice is an order of magnitude (C, P, Ca, Mg, Fe, Al) or a factor of 2-5

(K, Si) higher than that in the pore water (Fig. 4). Despite the 3 times lesser thickness of the active

10
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layer compared to the frozen peat, the difference is still significant for DOC, P, Ca, Mg, Fe and Al,
suggesting preferential accumulation of these elements in peat ice. Second, there is no sizable
latitudinal trend in either the porewater or the ice pool of C, P, K, Si and Fe. Only Ca and Mg
demonstrated a northward increase in lateral stocks in both the 0-30 cm pore water and 30-130 cm
peat ice [by a factor of 2-3 and 10, respectively]. However, many other trace elements (Li, Ca, V,
Mn, Fe, Co, Ni, Zn, As, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sb, REE, Hf, Pb and U) demonstrated really high
concentrations, by at least a factor of 10, in the Tazovsky site (continuous permafrost zone) when
compared to all three southern sites (sporadic and discontinuous permafrost zones) as shown from
latitudinal patterns of relevant concentrations in the peat ice (Fig. S4). This produced quite high

pools of relevant elements in the peat ice below ALT (Table 2).

4. Discussion

4.1. Organic carbon and Fe as main components of peat ice and carriers of elements in
porewaters: freezing mechanisms controlling the vertical pattern of element concentration

Given the extremely high concentrations of DOC, Fe and Al in melted ice from peat cores
(ca. 500, 2, and 0.8 mg L7, respectively), organic and organo-mineral (Fe, Al-rich) colloids are most
likely carriers of most major (Ca and Mg) and trace elements, as it is known from surface waters of
discontinuous permafrost peatland zones (Pokrovsky et al., 2016b; Krickov et al., 2019). As a result
of such strong association of TE with DOC, Fe and Al, the behavior of virtually all solutes is
controlled by processes involving colloid distribution between ice and remaining water during the
freezing/thawing cycle of the peat water/ice. This is strongly confirmed by much higher correlations
of DOC with major and trace elements in peat ice compared to active layer porewater (Table S1). It
suggests that the the peat ice contains organo-mineral (Fe, Al) colloids where the proportion of Fe
and Al is rather similar, as molar Fe to Al ratio in peat ice (< 0.45 um fraction) across the WSL is
close to 1 (Table 2). Similar to the surface waters of permafrost peatlands (Pokrovsky et al., 2016b),
these high molecular weight colloids (10/100 kDa - 0.45 pm) contain sizable amounts of insoluble

trace elements and are stabilized by organic matter. We hypothesize that peat ice colloids are formed
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as a results of coprecipitation of TE with DOM-stabilized Fe and Al hydroxides as is known across
the boreal zone in general (Cuss et al., 2018; Stolpe et al., 2013; Vasyukova et al., 2010) and in the
WSL in particular (Krickov et al., 2019; Pokrovsky et al., 2016b). As a result of the dominance of
Fe, Al-rich colloids in TE speciation in peat porewaters and peat ice, the concentrations of insoluble
trace elements (trivalent and tetravalent hydrolysates, some heavy metals) were better correlated with
Fe and Al rather than with DOC (Table S1). This is especially pronounced during filtration and
ultrafiltration of surface waters from permafrost peatlands (Pokrovsky et al., 2016b) and calls for a
need of size separation study on peat pore water and ice samples.

The quality of DOC changed from essentially aromatic, high SUVA»s4 compounds in the
thawed layer to more aliphatic, low chromophoric DOM (CDOM) character in the permafrost layer
as follows from sizable decrease (a factor of 2 to 4) in SUV Ajss in the porewater of the active layer
to the peat ice (Fig. 2). This is confirmed by a positive correlation between SUVA»s4 and soil
temperature (Rspearman = 0.48, p < 0.05) as observed at the Khanymey site (Table S2). This can be
explained by fresh DOC in deep frozen peat horizons and intensive biodegradation of DOC labile
compounds in the active layer, leaving essentially aromatic DOC in the upper peat porewaters. Note
also that the maximum of microbial metabolic activity and aliphatic DOC processing in studied peat
cores (Khanymey site) was observed at the active layer-permafrost boundary (Morgalev et al., 2017).
Peak DOC, nutrients, major and trace elements in the ice from the middle of the peat core is a
particular and previously unknown feature of the WSL peatlands. Although the uneven distribution
of solutes in permafrost soil ice has been known for long time, all available data concern mineral
soils (sand, silt) and major cations and anions. For example, solute enrichment of near-surface
permafrost with respect to the overlaying active layer yielding an increase with depth in soluble
cation concentration was reported in the Mackenzie delta region (Kokelj and Burn, 2005), Herschel
Island of the Canadian Arctic (Kokelj et al., 2002) and other Northwestern Territories (Kokelj and
Burn, 2003). It was attributed to progressive removal of solutes from the active layer by advection

and to convective transport of soluble materials along thermal gradients in near-surface permafrost
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region (Kokelj and Burn, 2005) or removal and downward distribution of major ions during periods
of deeper thaw at the end of summer (Burn and Michel, 1988; Kokelj and Burn, 2003).

The peak of concentration of DOC and elements in the peat ice was typically pronounced
between 30 and 50 cm depth below the current active layer boundary. This was visible in 5 of 8
studied peat cores and suggests local freezing occurs throughout the year from both upper and
bottom sections of the peat column; this is also confirmed by seasonal evolution of the temperature
pattern in the peat profiles (see Fig. 1, bottom panel). The latter shows that in the end of the active
seasons, starting from autumn, temperature decreases in both the upper and lowermost peat horizons.
We therefore hypothesize that organic carbon and related elements, being present as organic and
organo-mineral colloids, move together along the thermal gradient during soil freezing; this is known
for major soluble ions (e.g. Cary and Mayland, 1972; Kokelj et al., 2002). As a result, two freezing
fronts propagate and thereby concentrate the solutes—notably organic and organo-mineral colloids—
in the unfrozen water layer and finally meet at some intermediate depth. This possibility is consistent
with available natural and experimental data on bacteria translocations during freezing and thawing
of peat cores from western Siberia (Morgalev et al., 2017, 2019).

We further hypothesize that the degree of hydrological confinement (i.e., the ability of
squeezed peat water for lateral escape along the permafrost boundary towards depressions or thaw
ponds) determines the presence or absence of C and solute maximum at the depth where these two
freezing fronts meet each other. It can be hypothesized that the hydrological confinement did not
occur in the bog of the Nadym site, which does not demonstrate a peak in element concentration
below ALT. At the Nadym site, the hydrological regime can be described as a flowing fen rather
than an ombrotrophic bog; furthermore, the hydrological connection (via suprapermafrost flow)
between the mound and adjacent depression was much stronger than in other sites of this study. The
latter could be linked to the larger amplitudes of height difference between mound and depressions in
the Nadym that were observed in the field.

The latitudinal pattern of DOC and element concentration in peat ice was sizably different

from that of peat porewaters of the active layer (this study and Raudina et al., 2017) and
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suprapermafrost waters of the WSL (Raudina et al., 2018). The latter demonstrated an increase in
concentration of DOC, alkaline earth metals, Si, trivalent and tetravalent hydrolysates, and
micronutrients (Mn, Co, Ni, Cu, V and Mo) northward, with highest concentrations in the continuous
permafrost zone. In contrast, in peat ice, only Be, Mg, Ca, V, Mn, Fe, Co, Ni, Sr, Y, Zr, Mo, REE
and U demonstrated an increase in concentrations northward (Table 2 and Fig. S4). The
mechanisms responsible for DOC and other element concentrations increasing northward in fluids of
the active layer include peat leaching via its interaction with downward penetrating fluids and
atmospheric dust deposition as documented in recent studies of peat porewaters and suprapermafrost
flow (Raudina et al., 2017, 2018). Presumably, these mechanisms do not operate on ice dispersed
within the frozen peat. In the deeper parts of the core, well below the current ALT boundary, peat ice
either inherits the chemical signature of soil porewater from an environment which existed several
thousand years ago, not directly related to the current climate condition, or it represents the local
pattern of freezing front migration and solute concentration. In this regard, the representability of the
2-3 peat cores studied at each site may be an issue of concern given that the local ice content and its
chemical composition may be strongly controlled by disturbance events (Kokelj et al., 2002),
regional-scale landscape differences and solute translocations due to permafrost aggradation (Kokelj
and Burn, 2005).

Moreover, both the latitudinal and vertical pattern of solute concentrations in the dispersed
ice and the position of the DOC- and element-enriched layer in all studied peat cores may reflect the
localization of a paleo-active layer (of the mid Holocene), the thickness of which could be lower in
western Siberia than in other Arctic regions (125-130 cm in the MacKenzie Delta area Burn, 1997).
The difference in peat growth rates among bogs of the four study sites from various permafrost zones
may also explain the existence or lack of a DOC and solute maximum. For example, in the Nadym
site, there could potentially be two DOC maxima for the column (at 60-70 and 140 cm, see Fig. 2 D).
This would be consistent with the older age of this bog (~10,000 y.o., according to our '“C
measurements). However, a detailed analysis of peat age, peat accumulation rate and the paleo-ALT

position is beyond the scope of this work. Another interesting observation was a sizable spatial
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heterogeneity in the elementary composition of active layer water and peat ice which was dependent
on the micro-landscape. Thus, the local maximum occurred in hollows about 30-40 cm deeper than
in mounds (see Fig. 2 E and F). This is certainly controlled by local hydrology and the much deeper
freezing/thawing of the depression compared to the mound (Kaverin et al., 2019; Loiko et al., 2019).
Overall, the concentrations of major and trace elements in peat ice studied in this work are
sizably higher than those in other aquatic environments of the WSL. A Kruskall-Wallis test
demonstrated that peat ice is significantly different from rivers (Pokrovsky et al., 2016a), lakes
(Manasypov et al., 2020), and supra-permafrost waters (Raudina et al., 2018) in all major and trace
elements (Fig. S5). Concentrations of Co, V, Mo, Li, K, Tl, U, Cs, Sr, As, DIC, Cl-, DOC, Ca, Mg
W, Rb, Ba, Na and SO4* are 2 to 12 times higher in the peat ice compared to supra-permafrost
waters where as the concentrations of B and Zn are a factor of 21 and 26 higher (Table S3). The
river waters are impoverished in Th, As, Ga, Co, Cd, Rb, Zn, Al, Cs, DOC compared to peat ice by a
factor of 10 to 70, whereas the concentrations of Fe, Cr, Ca, Pb, K, Sb, Ba, Cu, Ni, Mo, Zr, B, Ti, V,
U and REEs in peat ice are higher than those in rivers by a factor of 2 to 9. Compared to lake waters,
the peat ice is enriched in all elements by a factor of 2 to 50; this enrichment is most pronounced for

Co, Si, K, DOC, Zn, SO+*, Cs, P, W, and Rb (x 10 to 50).

4.2. Pools of C and other elements in dispersed peat ice of the WSL and possible
consequences of permafrost thaw on riverine export

According to typical scenario of climate warming impact on western Siberian peatlands, there
will be a northward retreat of the permafrost boundary and an increase in the ALT (Anisimov et al.,
2013; Frey and Smith, 2003; Nitzbon et al., 2020; Pavlov and Moskalenko, 2002; Reshetko and
Moiseeva, 2016; Romanovsky et al., 2010; Sherstyukov and Sherstyukov, 2015; Vasiliev et al.,
2020a, b, 2011). The primary impact of permafrost thaw on element mobilization from soil ice to the
hydrological network is involvement of larger amount of frozen peat during seasonal thawing
triggered by an increase in ALT due to progressive thawing of ground ice. According to most recent

data of Vasiliev et al. (2020b), during the period 1970-2018, the mean annual air temperature raised
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by 2.8°C, the precipitation increased by 5-10%, and the mean height of snow cover increased by 1.8
cm y!. This led to an increase in average temperature of permafrost in Siberia by 0.035-0.056 °C y!
whereas the ALT increased with a range of rate from a few cm to several decimeters per year
depending on landscape context, vegetation cover and soil substrates. For example, well drained
regions of mineral soils during some years of high precipitation may exhibit the rates as high as 20-
40 cm y! (Vasiliev et al., 2020b). Note that these rates are sizably higher than those of Northern
Sweden where similar palsa peatbogs thaw with an average rate of 1 cm per year (Akerman and
Johansson, 2008; Johansson et al., 2011). However, in the estimations below we will use the most
conservative scenario of 1 cm y.

Considering the minimal rate of ALT increase in western Siberia, over the next 100 years,
about 1 m of frozen peat will thaw and liberate the solutes of dispersed ice to the hydrological
network. Assuming conservative transfer of these solutes from the soil to the river, a sizable amount
of elements can be added to the riverine export flux. For example, average pools of DOC, P and Fe
in the dispersed peat ice between 30 and 130 cm depth equal 369, 1, and 1.7 g m™; a progressive
thawing of 1 m of frozen peat during 100 years will liberate 3.69, 0.01 and 0.17 g m? y,
respectively, of these elements from the soil to the river. These values are comparable or higher than
the actual yields of DOC, P and Fe by permafrost-affected WSL rivers to the Arctic Ocean (3.4+1.3,
0.0057+0.002, and 0.092+0.04 ¢ m y!, Pokrovsky et al., 2020).

Furthermore, many other elements including macro- and micro-nutrients and toxicants are
strongly enriched in the peat ice of the continuous permafrost zones compared to the discontinuous
and sporadic zones. Progressive thawing of peat columns to over 100 cm depth is capable of
liberating a sizable amount of these trace elements that will be delivered to the hydrological network.
The area-normalized yields of elements from thawing of peat ice are comparable or higher than the
contemporary lateral export fluxes by rivers from the permafrost-affected WSL zone (Pokrovsky et
al., 2020). Assuming that the thawing of peat ice will add additional elements to the ‘constant’
riverine export and neglecting possible reactivity of newly thawed peat, gradual thawing of frozen

layer (1 cm y') will double or triple the annual riverine export of DOC, Zn, P and Cs for the next
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100 years (Table 4). The lateral export of Co, Ba, Cd, As, Al, Rb, Ga and Mo may increase by 20 to
40% whereas for Fe, Ni, SO4, U, Pb, Nb, B this increase may be between 10 to 20%. All other

elements will be weakly (< 10%) affected by peat ice thaw.

5. Concluding remarks

The first study of ice dispersed within the frozen peat layers of the permafrost peatland in
Western Siberia revealed sizeable—by a factor of 3 to 10—enrichment of the permafrost layer
relative to the thawed layer in DOC, alkali, alkaline earth elements, metal micronutrients and
geochemical tracers. The quality of DOC also changed from an essentially aromatic high SUVA
compounds in the thawed layer to a more aliphatic low-CDOM compounds in the permafrost layer.
This can be explained by fresh DOC in the deep frozen peat horizons and intensive biodegradation of
DOC labile compounds in the active layer, leaving essentially aromatic DOC in upper soil
porewaters. The concentrations of DOC, Fe and Al were correlated in both porewaters of the active
layer and in the peat ice suggesting that organic and organo-mineral colloids are the main carriers of
most solutes in the interstitial fluids of peat cores.

We discovered a strong local maximum of DOC, P, Ca, Fe and other trace element
concentrations in ice sampled at 30 to 50 cm depth below the current active layer boundary. This
enrichment at 90+10 cm depth was pronounced in all peat cores of the frozen mounds in sporadic,
discontinuous and continuous permafrost zones and it was presumably formed due to freezing of the
soil column from both the surface and bottom leading to a mid-point joint freezing process thereby
concentrating the solute. In depressions this maximum was located 20-30 cm deeper than in mounds
and reflected much high ALT in the former. This resulted from differences in water migration across
microlandscapes.

Pools of DOC and elements located in peat ice dispersed within the 30-130 cm frozen layer
were a factor of 3 to 10 higher than those within the active layer itself. Pools of most elements were
not sizably different among various permafrost zones and latitudes. Thus, the permafrost boundary

shift northward might not strongly affect mobile pools of DOC and elements in peat porewaters and
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ice. However, assuming permafrost thaw scenarios with ALT increase by 1 cm y™!, a sizable amount
of highly labile C and related elements can be mobilized from currently frozen peat into the
hydrological network via the suprapermafrost flow. When comparing with contemporary export
fluxes of C and elements by WSL rivers in discontinuous and continuous permafrost zones, thaw of
100 cm of frozen peat over the next 100 years may at least double the annual delivery of DOC and

some nutrients (P and Zn) to the Arctic Ocean.

Data availability: The full data set of measured DOC, major and trace element concentrations (<
0.45 pm) in the peat poreater from the active and ice from frozen layer in all sites and different

sampling depths is presented in the Mendeley portal database (Lim et al., 2020).
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Table 1. Physico-geographical and landscape characteristics of 5 study sites across the permafrost gradient in WSL.

Mean Mean
Lat annual annual Mineral Micro- Peat Seasonal
Site ot . . thickness, | thaw depth, Soil type (WRB, 2014)
N temp., precipit., | substrate | landscapes
m cm
°C mm
Dystric Hemic Epicryic Histosols
Tazovsk clay polygon 1.0-4.0 25-40 (Hyperorganic); Dystric Murshic Hemic
Z(T‘;) Y| 674 -9.1 363 loam and Epicryic Histosols (Hyperorganic)
loam Dystric Fibric Cryic Histosols; Histic
hollows 0.2-1.5 40-60 Reductaquic Cryosols (Clayic)

Nadym 65.3 sand peat mound 1.0-2.0 3040 Epifibric Endohemic Cryic Histosols

(Nd) 652 -6.4 484 loam and peat mound | 0.2-1.0 40-50 HISt.IC C.ryosols, Epifibric Endohemic
sand Cryic Histosols

Pancod cat Dystric Hemic Epicryic Histosols; Histic

(1§ ) Y1 659 | -6.8 490 | loam mgun " 0.2-1.3 49 Cryosols (Loamic); Histic Oxyaquic
& Turbic Cryosols (Loamic)
Khanvme eat Dystric Hemic Cryic Histosols; Spodic
YmeYl 638 | -5.6 540 | sand P 0.1-1.4 90 Histic Turbic Cryosols (Albic, Arenic);

(Kh) mounds

Histic Turbic Cryosols (Albic, Arenic)




Table 2. Mean values with S.D. of dissolved (< 0.45 um) elements in peat porewater (thawed, 0-30 cm) waters and peat ice (30-130 cm) in four

sampled sites western Siberia Lowland. The DOC, DIC, Cl, SO4%, Si, Ca, Mg, Na, K, P, Al and Fe concentrations are in mg/L with all other elements in

pg/L.
Northern taiga Forest tundra Southern tundra
Khanyme Pangody, Nadym Tazovsk All WSL
Elements ( 63.7y9°Ny) ( “SETN ) ( 67.36°Ny)
thawed frozen thawed frozen thawed frozen thawed frozen

DOC 74.2+26.7 4724305 102+49.8 266+312 61.2+15.7 585+563 82+39.1 426+418
DIC 4.42+2.58 | 4.97+£3.41 | 3.5+1.28 8.42+5.54 | 4.64+1.09 | 9.11+8.89 4.11+1.8 7.54+6.41
Cl 2.47+1.77 1.37+1.5 | 1.30+0.93 | 0.73+0.46 | 1.49+1.53 | 0.75%+0.53 1.76+1.48 0.93+0.94
S-SO4* 0.54+0.31 1.62+1.66 | 0.4+0.11 0.16+£0.14 | 0.29+0.21 2.9+3.3 0.34+0.3 1.72+2.52
Li 0.36+0.11 | 2.80+2.82 | 0.77+0.56 | 1.72+1.25 | 0.97+0.29 | 4.28+3.69 0.68+0.45 2.824+2.84
Be 0.011£0.006 | 0.04+£0.02 | 0.04+0.04 | 0.06£0.04 | 0.03+0.01 | 0.07+0.03 0.03+0.03 0.06+0.03
B 150+259 5444439 | 84.1+126 60.6x47.1 | 54.5£26.7 | 47.6%£21.0 98.2+169 54.8+39.8
Na 2.07+2.83 | 2.61+1.95 | 1.49+1.37 1.6+1.21 1.34+0.42 | 2.62+2.42 1.64+1.83 2.22+191
Mg 0.19+0.12 | 0.9320.67 | 0.28+0.08 | 1.35+1.78 | 0.74+0.36 | 3.99+2.75 0.38+0.3 2.01+2.29
Al 0.21+0.11 1.18+0.89 | 0.33+0.16 | 0.54+0.46 | 0.44+0.18 | 0.85+0.48 0.32+0.17 0.83+0.67
Si 1.16+0.31 | 3.53+1.45 | 2.68+2.29 | 3.98+2.55 | 3.64+1.38 | 3.19+1.27 2.43+1.86 3.6+1.92
P 0.2+0.11 1.67+1.39 | 0.29+0.17 | 0.61x1.25 | 0.25+0.06 | 1.17+0.93 0.25+0.13 1.11+1.28
K 0.69+0.57 | 1.48+0.89 | 1.12+0.98 | 0.67+0.38 1.02+1.2 1.34+0.69 0.95+0.92 1.124+0.75
Ca 0.8+0.46 2.91+1.85 | 1.54+0.51 | 5.41+6.17 | 2.74+093 | 26.4+18.4 1.61+0.97 10.9+14.8
Ti 3.23+2.16 | 6.24+7.19 | 3.59+1.87 | 7.07£8.62 | 5.33+1.79 | 5.81+5.55 3.93+2.08 6.44+7.28
\" 0.74+0.38 | 2.46+2.57 | 1.22+0.41 | 3.79+3.76 | 2.21+0.78 | 5.66+2.66 1.33+0.77 3.93+3.31
Cr 0.78+0.56 | 1.12+1.28 | 0.72+0.29 | 1.04+0.98 | 0.82+0.19 | 1.11x1.09 0.77+0.37 1.09+1.1
Mn 3.1244.38 | 12.9+12.3 | 11.448.9 114+144 62.7+47.7 2514248 22.3+34.8 123+186
Fe 0.22+0.11 1.60+1.38 | 1.17£0.58 | 1.59+1.68 | 0.50+0.12 | 3.14+2.32 0.68+0.56 2.05+1.93
Co 0.17+£0.06 | 1.00£0.68 | 1.67+0.80 | 1.99+1.88 | 1.06+0.27 | 5.77+£3.54 1.01+0.83 2.81+£3.01
Ni 0.68+0.32 | 3.79+2.57 2.5+1.1 3.8842.22 | 2.58+0.69 | 11.15+5.46 1.91+1.18 6.02+4.88
Cu 1.3%£1.45 1.14+0.7 | 0.77£0.33 | 2.42+3.27 | 1.67x0.48 | 2.49+1.41 1.19+0.94 2.04+2.27
Zn 178+237 535+393 215+433 83+89.4 82.4429 463+455 167+303 3384390
Ga 0.07+0.05 | 0.17+0.14 | 0.05+0.03 0.1+0.08 0.08+0.04 | 0.13%0.12 0.07+0.04 0.13+0.12
Ge 0.0060.004 | 0.01£0.02 | 0.01+0.00 | 0.02+0.02 | 0.02+0.01 | 0.02+0.01 | 0.01£0.007 | 0.02+0.02




As 0.85+0.52 2.07+1.9 | 0.97+0.56 | 10.6x18.8 | 0.88+0.35 | 6.04+3.99 0.91+0.48 6.57£12.4
Rb 0.87+0.53 | 6.52+3.66 | 3.01+3.09 | 2.83+1.68 1.720.72 12.8+10.1 1.94+2.17 6.97+7.17
Sr 7.06+3.83 | 27.1+15.5 | 13.245.7 37.7+#40.4 | 15.3£2.98 133+91.9 11.7+5.55 62.8+72.5
Y 0.11+0.1 0.20+0.43 | 0.17+0.1 0.72+1.28 | 0.86+0.52 | 0.95+0.54 0.33+0.42 0.63+0.93
Zr 0.21+0.17 | 0.47+0.45 | 0.26+0.13 | 0.85+1.27 | 0.53+0.14 1.4+0.99 0.31+0.19 0.90£1.04
Nb 0.02+0.01 | 0.04+0.05 | 0.02+0.01 | 0.04+0.06 | 0.02+0.01 | 0.05+0.05 0.02+0.01 0.04+0.05
Mo 0.05+0.02 | 0.04+0.02 | 0.06+0.02 | 0.11+0.07 | 0.13+0.07 | 0.30+0.29 0.07+0.05 0.14+0.19
Cd 0.04+0.01 | 0.12+0.06 | 0.06+0.03 | 0.033+0.025 | 0.06+£0.03 | 0.17+0.12 0.05+0.02 0.10+0.09
Sb 0.07+0.04 | 0.09+0.06 | 0.04+0.02 | 0.047+0.031 | 0.08+0.03 | 0.11+0.06 0.06+0.04 0.08+0.06
Cs 0.02+0.01 | 0.38+0.39 | 0.07+0.06 | 0.062+0.049 | 0.03+0.01 | 0.11+0.07 0.04+0.04 0.18+0.26
Ba 139+188 121+76 116129 66+48 83.2+39.1 136+86 115+135 104+75.8
La 0.1+0.06 0.17+0.26 | 0.11+0.06 0.5+0.76 0.61+0.44 | 0.56+0.27 0.24+0.32 0.41+0.54
Ce 0.17+0.1 0.35+0.65 | 0.25+0.14 | 1.17+#2.04 | 1.27+0.79 | 1.23+0.57 0.5+0.62 0.93+1.4

Pr 0.02+0.01 | 0.04+0.08 | 0.03+0.02 | 0.15+0.26 | 0.15+£0.09 | 0.16+0.08 0.0620.07 0.12+0.18
Nd 0.07+0.05 | 0.16+0.33 | 0.12+0.07 | 0.63+1.14 | 0.64+0.35 | 0.69+0.33 0.24+0.3 0.5+0.78

Sm 0.02+0.01 | 0.04+0.07 | 0.06+0.04 | 0.17+0.26 | 0.15+£0.08 | 0.16+0.08 0.07+0.07 0.13+0.18
Eu 0.02+0.02 | 0.02+0.02 | 0.015+0.01 | 0.04+£0.06 | 0.04+0.02 | 0.05+0.02 0.02+0.02 0.03+0.04
Gd 0.02+0.02 | 0.04+0.08 | 0.03+0.02 | 0.15+0.26 | 0.17+£0.09 | 0.17+0.08 0.07+0.08 0.12+0.18
Tb 0.003+0.003 | 0.01+0.01 [0.005+0.003| 0.02+0.03 | 0.03+0.01 | 0.02+0.01 0.01+0.01 0.02+0.02
Dy 0.021+£0.02 | 0.03+0.06 | 0.03+£0.02 | 0.12+0.21 | 0.14+0.08 | 0.15+0.07 0.0620.07 0.1+0.15

Ho 0.004+0.004 | 0.01+£0.01 [0.007+£0.004| 0.02+0.05 | 0.03+0.01 | 0.03+0.01 0.01+0.01 0.02+0.03
Er 0.01+0.01 | 0.02+0.04 | 0.02+0.01 | 0.07+0.14 | 0.08+0.04 | 0.10+0.05 0.03+0.04 0.06+0.1

Tm 0.0015+0.0010.003+0.006/0.003+£0.002 0.01+0.02 |0.01+0.005 | 0.01+£0.008 | 0.00+0.00 0.01+0.01
Yb 0.0083+0.007| 0.02+0.04 | 0.02+0.01 | 0.08+0.14 | 0.07+0.03 | 0.10+0.06 0.03+0.03 0.07+0.10
Lu 0.0013+0.001[0.003+0.006/0.003+£0.002| 0.01+0.02 |0.01+0.004 | 0.02+0.01 | 0.004+0.005 | 0.01+0.02
Hf 0.008+0.007 | 0.02+0.02 | 0.01+0.005 | 0.03+0.05 | 0.02+0.01 | 0.06+0.05 | 0.01+0.008 | 0.04+0.04
W 0.06+0.04 | 0.05+0.06 | 0.02+0.02 | 0.08+0.11 | 0.03+0.01 | 0.03+0.03 0.04+0.03 0.06+0.08
Tl 0.007+0.005 | 0.03+0.02 | 0.02+0.01 | 0.01+0.01 |0.01+0.004 | 0.02+0.008 | 0.01+0.01 0.02+0.01
Pb 0.47+0.39 | 0.53+0.38 | 0.39+0.23 | 0.20+0.14 | 0.39+0.22 | 0.47+0.36 0.41+0.28 0.39+0.33
Th 0.03+£0.02 | 0.06+0.13 | 0.06+0.05 | 0.08+0.11 | 0.18+0.15 | 0.08+0.04 0.08+0.10 0.08+0.10
U 0.01+0.006 | 0.02+0.02 [0.007+0.005| 0.02+0.04 | 0.06+0.05 | 0.15+0.14 0.02+0.03 0.06+0.10
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Table 3. Mean +SD depth integrated surface-normalized pools of dissolved (< 0.45 pm) elements in 0-30 cm (active layer) and 30-130 cm (frozen

layer).
Northern taiga Forest tundra Southern tundra
(Khanymey) (Pangody, Nadym) (Tazovsky)
Elements 63.785°N 65.873°N 67.357°N

0-30 cm 30-130 cm 0-30 cm 30-130 cm 0-30 cm 30-130 cm

DOC g m2 13.1+0.19 348+271 25.4+24.8 207+69 10.4£2.91 5444455

Cr mg m? 628+265 850+350 120448 758+161 171£11.3 821+275
S-SO4* | mg m2 124+4 .4 1105+£238 31+8.3 104+15 60+40 2668+3033
Li mg m? 0.08+0.01 1.81+0.43 0.25+0.27 1.31+0.53 0.160.05 4.03+3.69

Be pug m?2 1.35+£0.18 40.246.12 13+15.5 45.94£25.3 6.82+2.64 69.1+35
B mg m? 20.8+28.4 35.3+40.2 12.6+12.2 73.4488.2 10.2+0.73 45.3+5.49
Na g m? 0.32+0.3 1.74+0.78 0.26+0.02 1.21+£0.45 0.22+0.03 2.04+0.62
Mg g m2 0.030.01 0.68+0.63 0.06+0.04 0.82+0.33 0.11+0.06 3.62+1.56

Al g m? 0.03+0.01 0.7£0.62 0.09+0.09 0.35+0.06 0.09+0.04 0.8+0.48
Si g m?2 0.25+0.06 3.09+0.3 0.36+0.21 2.64+0.66 0.6+0.27 3.14+0.56
P g m2 0.05+0.01 1.51+0.25 0.0620.05 0.5+0.14 0.05+0.01 1.07+0.73
K g m? 0.17+£0.04 1.22+40.1 0.24+0.23 0.63+0.49 0.11+0.01 1.34+0.08
Ca g m2 0.09+0.06 2.15+2.11 0.3+£0.17 3.47+0.29 0.44+0.12 24.2416.3
Ti mg m? 0.52+0.21 3.05+0.81 0.93+0.54 3.37+1.31 1.06+0.19 5.49+1.61
\% mg m? 0.17£0.02 2.54+£1.16 0.29+0.22 2.16+1.13 0.41+0.11 5.16£2.31
Cr mg m? 0.18+0.02 0.72+0.11 0.1620.1 0.59+0.11 0.16+0.003 1.03£0.51

Mn mg m? 0.71x0.7 10.3+11 1.63+0.92 69.1+9 9.99+11.1 238+238

Fe g m2 0.04+0.004 1.28+1.28 0.25+0.15 0.92+0.1 0.09+0.01 2.81+0.2
Co mgm? | 0.03+0.005 0.93+0.62 0.36+0.37 1.4620.66 0.18+0.06 5.29+2.74
Ni mg m? 0.16+0.02 3.99+1.8 0.5+0.39 2.94+0.44 0.42+0.07 10.245.08
Cu mg m? 0.25+0.1 0.91+0.12 0.16+0.004 1.76+1.89 0.33+0.07 2.23+0.54

Zn mg m? 24.9429.3 3304326 17£17.3 168+228 15.242.58 474581
Ga pug m2 9.7£5.36 98.2+76.4 15.9+14.6 55.8+0.78 16.4+4.39 120+63.6
Ge pug m?2 1.3+0.23 7.43+1.21 2.38+1.53 12.7£1.92 3.17+0.75 14.2+5.39
As mg m? 0.15+0.05 2.29+0.32 0.12+0.03 5.7745.19 0.17+0.04 5.16£3.38

Rb pg m2 0.25+0.13 6.14+0.24 7124900 2523+1733 240+68.5 11808+1284

Sr mg m? 0.98+0.43 20.8+15.4 2.76%2.05 24.14£3.6 2.61+0.1 122+83.1




Y ug m?2 17.6+3.63 2964287 32.3+15.7 231212 183+129 862+387
Zr ug m? 35.7+16 344+39.3 43.7£9.80 312+122 102+13.1 1273+616
Nb ug m?2 2.85+0.87 15.7£2.18 4.85£3.9 18.1+4.15 4.75+0.88 48.9+£29
Mo ug m? 10.1+1.99 36.5+11.7 14.3+11.5 10580 26+8.89 262+192
Cd ug m?2 5.99+0.05 93.2+69.7 12+11 29+4.4 10.3+4.81 166+121
Sn ug m?2 104+134 188+83.2 6.42+2.74 11.2+1.32 4.15+1.1 41.1£22.9
Sb ug m? 13.1+0.79 91.7+44.3 8.12+0.64 40+£37.8 16.5+1.01 105+61.5
Cs ug m?2 5.97+4.35 287+3.95 18.1£22.8 45.7£14 4.540.16 97.8+18.2
Ba pug m? 18.9+24.6 102+32.5 14.4+13.8 69.3+65 15.442.37 132+89.5
La ug m?2 16.7+£2.99 201+£173 26.1+20.8 210£147 136+114 502+40.9
Ce ug m? 27.3+1.43 463+435 59.7+49.3 400+£302 278+205 1100+184
Pr ug m?2 3.01+0.06 53.2450 6.8245.5 50.4+44.9 33.3+£23.1 143+38.5
Nd ug m?2 11.6+0.09 2294222 27.3+£21.2 210£195 139+£90.8 631+198
Sm ug m? 3.91+0.31 57.54£51.6 8.14+£3.72 78.7+86.8 33.1+19.9 143+46
Eu ug m?2 2.3£2.11 19.7£8.11 2.48+0.48 15.9£14.7 9.05+5.19 43.8£17.7
Gd ug m? 3.43+0.69 56.7£54.2 6.9+4.4 50.5+45.9 36.5+22.9 152+46.5
Tb ug m?2 0.51+0.1 7.55+7.33 1.06+0.62 7.24+6.87 5.36%3.67 21.7+6.67
Dy ug m? 3.29+0.86 45.4+43.3 6.87+3.37 41.2+39.1 30.2+19.8 134+45.3
Ho ug m? 0.6+0.24 9.54+8.87 1.25+0.53 7.95+7.44 5.714£3.5 27.5+9.71
Er ug m?2 1.59+0.46 28.2426.9 3.3£1.48 22.4420.6 16.949.92 87.9£37.2
Tm ug m? 0.22+0.09 4.36+3.38 0.46+0.17 3.21£3.03 2.28+1.12 13.24+6.01
Yb ug m?2 1.28+0.68 26.1£23.6 2.88+0.68 22.4£21 14.4+6.53 92.2+42.7
Lu ug m? 0.23+0.13 4.38+3.65 0.44+0.13 3.62+3.6 2.19+0.88 15+7.85
Hf ug m?2 1.22+0.52 13.3+0.21 1.62+0.58 11.8+£3.09 3.8+0.44 49.9+26.6
\ ug m?2 8.66+0.72 43.1+47 3.06+0.28 37.9+35.1 4.52+1.23 26.5+1.81
Tl pug m? 1.11+£0.07 24.1+1.64 1.5+1.08 11+4.93 1.58+0.3 17.749.85
Pb ug m?2 75.9+38.5 3804359 87.6+£36.7 161+121 T7.7£11.5 4694419
Th pug m? 3.75+0.22 25.842.6 14.1+15.5 39+7.8 41.6+37.3 73.3+7.55
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Table 4. Comparison of annual dissolved (< 0.45 um) element delivery due to 100-cm thawing of
peat ice (assuming the rate of ALT increase of 1 cm y! over the next 100 years) to the current
riverine elementary yield (kg/km?/y) in the permafrost. The sites of peat core sampling in this study
are located within the river watersheds analyzed by Pokrovsky et al. (2020). Note that the watersheds
of permafrost-affected WSL rivers are essentially presented by frozen peat bogs (Krickov et al.,

2019).

* stands for data of Pokrovsky et al. (2020).

% of riverine

Thawing of Current .
Element . . : increase due to peat

peat ice riverine yield* thaw

Zn 3.2443.78 1.42+0.89 228
P 10.3+£3.7 5.71+£2.3 180
Cs 0.001£0.0001 0.001%£0.0005 143
Corg 3664+2649 3399+1279 108
Co 0.03+0.01 0.07+0.04 39
Ba 1.01+0.62 2.95+1.4 34
Cd 0.001+0.001 0.003+0.001 32
As 0.04+0.03 0.14+0.047 31
Al 6.13+3.88 20.4+11 30
Rb 0.05+0.01 0.16+0.059 30
Ga 0.001+0.0005 0.004+0.002 23
Mo 0.001+0.001 0.006+0.002 22
Fe 16.7+5.28 02.2+42 18
Ni 0.0620.02 0.32+0.15 18
SO. 38.7+£32.9 234+116 17
U 0.0005+0.0002  0.003+0.001 16
Pb 0.003%£0.003 0.02+0.01 14
Nb 0.0003+0.0001 0.002+0.001 14
B 0.51+0.45 3.82+1.8 13
Ca 99.5+62.3 10044368 9.9
K 10.6+2.24 108+36 9.9
Cu 0.02+0.01 0.18+0.087 9.2
Th 0.0005+0.0001 0.005+0.003 9.2
Sb 0.0008+0.0005  0.009+0.004 8.8
Y 0.005%0.003 0.06x0.03 8.3
Yb 0.0005+0.0003  0.006+0.003 7.8
Dy 0.0007£0.0004 0.01+0.006 7.4
Nd 0.004+0.002 0.05+0.03 7.3
Ce 0.007+0.003 0.09+0.051 7.2
Pr 0.0008+0.0004 0.01+0.007 6.9
Mn 1.06+0.86 16.9+11 6.3
Sr 0.5620.34 9.12+4.8 6.1
La 0.003%0.001 0.05+0.026 6.1
Li 0.02+0.02 0.45+0.18 5.2
Hf 0.0002+0.0001 0.005+0.003 5.0
Mg 17+8.4 414+125 4.1
Cr 0.008+0.002 0.2+0.08 3.8
Ti 0.04+0.01 1.4+0.52 2.8
Si 29.6+5.08 1076430 2.7
Na 16.6+6.18 1116+592 1.5
Cl 8.1+2.62 1150+692 0.7
Zr 0.006+0.003 1.57+0.6 04
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Figure 1. Study sites and illustration of active layer and sampled peat cores. Map of the study site
including permafrost boundaries (Brown et al., 2002; http://portal.inter-map.com (NSIDC)) and the 4
test sites — Khanymey, Pangody, Nadym and Tazovsky. The bottom diagram represents annual
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variation in soil temperatures for the Khanymey site: direct measurements of soil temperature by
loggers (IMKES SB RAS, Russia) since their installation on 27 August 2018 till 17 August 2019.
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Fig. 2. The measured profiles of dissolved (< 0.45 um) DOC, SUVA, P, Ca, Al, Fe, Na and Cl in
sampled peat cores (porewater of active layer and permafrost ice) in northern taiga (Khanymey) (A,
B), forest tundra (Pangody, Nadym) (C, D) and southern tundra (Tazovsky) (E, F).
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Figure 3. The ratio of dissolved (< 0.45 um) elemental concentrations in peat ice compared to peat
porewaters collected from positive forms of micro-relief (mound, polygon) (A); the ratio of maximal
concentration at the peak to the average value of the two most surface layers (0-10 and 10-20 cm
depth) (B) and to the two most deep (130-120 cm and 120-110 cm) layers (C) across all the
permafrost zones. To draw these plots we used mean WSL values from Table 2.
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Figure 4. Depth-integrated, surface-normalized pools of dissolved (< 0.45 pm) DOC (A), P (B), K
(C), Si (D), Ca (E), Mg (F), Fe (G) and Al (J) in peat porewater of the active layer (0-30 cm) and the
permafrost ice (30-130 cm) in various permafrost zones of western Siberia. The northern taiga
(Khanymey), forest tundra (Pangody, Nadym) and soujern tundra (Tazovsly) correspond to sporadic,
discontinuous and continuous permafrost zones, respectively.
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