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Abstract: Understanding paleoenvironmental conditions of the permafrost formation allows us to 

estimate the permafrost carbon pool and its behavior upon thawing in a changing climate. In order 

to classify different types of ground ice and to reconstruct paleoenvironments, we examined geo-

chemical data of ice wedges (IWs), tabular ground ice (TGI), and lens ice from the eastern coast of 

the Faddeevsky Peninsula (East Siberian Arctic). We analyzed isotope and ion composition, molec-

ular composition of the gas phase, bulk biogeochemical parameters and dissolved organic matter 

(DOM) composition in ground ice samples. IWs formed in the Late Pleistocene under the coldest 

winter conditions and in the Holocene in proximity to the sea. The Holocene IWs have the highest 

mean d-excess (11–13‰) and a heavier isotope composition by an average of 6‰ compared with 

the Late Pleistocene IWs. We observe predominance of sea-salt fractions in ion composition of the 

Holocene IWs, while the Late Pleistocene IW shows enrichment in non-sea-salt component of SO42- 

(nssSO42-), which is probably associated with mineral leaching of deposits. Higher dissolved organic 

carbon (DOC) content in the Late Pleistocene IW (to 17,7 mg/L) may indicate more favorable vege-

tation conditions or lower degree of organic matter mineralization compared to Holocene IWs and 

TGI. CH4 concentrations were relatively low with a maximum value of 2.27 μmol/L. DOM compo-

sition, supposed to record the paleoenvironment of the freezing process, was for the first time tried 

as a biomarker for paleoenvironmental reconstructions of ground ice formation. Parallel factor 

(PARAFAC) analysis of EEM (Excitation-Emission matrix) of fluorescent DOM decomposes four 

components: P1–P3, which are related to allochthonous humiс-like constituents, and P4, which is 

relevant to autochthonous fraction associated with microbial activity. The distribution of fluores-

cent DOM tracked the variability in both paleoclimate conditions of the IW formation (discriminat-

ing the Holocene and the Late Pleistocene IWs) and types of ground ice (IW and TGI), which demon-

strates the potential of the used approach. 
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1. Introduction 

The widespread ground ice in the Arctic often initiates cryogenic processes and con-

tributes to permafrost disturbance [1]. Pre-aged labile organic matter (OM) release upon 

permafrost degradation with coinciding and subsequent greenhouse gas emissions may 

affect current global warming due to methane-induced positive feedback [2]. The reser-

voir of organic matter in permafrost, isolated from the biogeochemical cycle, initially ac-

cumulated during primary production over a long period of time. Thus, by understanding 

the conditions of the permafrost formation, we can estimate the quantitative pool of or-

ganic carbon and its behavior upon thawing not only in a particular region, but also in 

areas with a similar Late Pleistocene and Holocene history. Previous studies [3–5] have 

displayed the higher potential of ground ice as a paleoenvironmental archive of the Late 

Pleistocene–Holocene. The most frequently used approach for identifying paleoclimate 

conditions is stable isotope analysis of ice wedges (IWs) due to the established relationship 

between δ18O of precipitation and air temperature [5–9]. The ion composition of melted 

ground ice allows us to estimate the fluctuations in sea level due to the marine aerosol 

content, as well as to assess the contribution of terrigenous ions during ice wedge growth 

[4,10–12]. Research on the gas component, especially methane, has been used to define the 

origin of tabular (massive) ground ice (TGI) in Western Siberia [13,14]. Gas geochemical 

investigations in Eastern Siberia [15–17] have reported that concentrations of CH4 and CO2 

in ice wedges reflect not only captured atmospheric air, but its production by biological 

activity. Molecular and fractional compositions of dissolved organic matter (DOM) are 

widely used for the study of carbon storage and cycling in the hydrosphere [18,19]. Con-

sidering that the composition of DOM, incorporated into the objects of the cryosphere, 

reflects the freezing environment [20–22], we use the fluorescent DOM (excitation–emis-

sion matrix, EEM) fractions deconvoluted by parallel factor (EEM-PARAFAC) analysis for 

ground ice characterization in terms of biogeochemistry and paleoclimate. 

Despite the relatively extensive knowledge about the permafrost and ground ice of 

the New Siberian Islands [3,5,23,24], particularly in relation to Kotelny Island [3,25] and 

Bunge Land [26], there is a distinct lack of research on the ground ice of the Faddeevsky 

Peninsula. Most studies on the peninsula focused on identifying the origin of tabular 

ground ice, which is widespread in the Anju Islands [24,26–29]. According to A. Anisimov 

[30] and V. Tumskoy [24], the tabular ground ice on the Faddeevsky and New Siberia 

Island coasts represents a relic of a local ice sheet with the center on the De Long Islands 

[31] formed at the end of the Middle Pleistocene. Based on the geochemical composition 

of tabular ground ice of New Siberia Island, V. Ivanova [29] made an assumption about 

the injected origin of the lower horizon of ice, while the upper horizon was formed by 

segregation processes. Regarding IWs, the only comprehensive study of Yedoma Ice Com-

plex (IC) deposits, including dating and stable isotope analysis of IWs and lens ice on 

Faddeevsky, was conducted in the section near the Khastyr River [32]. 

In order to address existing paleoenvironmental data gaps on the Faddeevsky Pen-

insula, we observed the isotope and ion composition, the content of methane and molec-

ular composition of the gas component, bulk biogeochemical parameters (dissolved or-

ganic carbon (DOC), dissolved inorganic carbon (DIC), dissolved inorganic nitrogen 

(DIN), and the fractional composition of fluorescent DOM in ground ice samples. Our 

research aims to create paleoenvironmental reconstructions of the Late Pleistocene–Holo-

cene for the Faddeevsky coast by implementing traditional and relatively new geochemi-

cal approaches to ground ice studies. 

2. Study Area 

Faddeevsky is the eastern peninsula of Kotelny Island, the largest of the New Sibe-

rian Islands archipelago. In many 19th and 20th century sources, before the exploration of 

Bunge Land, Faddeevsky was considered to be a separate island. Generally, the main part 

of the peninsula is a dissected, gently sloping accumulative denudation plain 20–30 m 
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high, consisting of ice complex (IC) deposits. Faddeevsky entirely falls within the Arctic 

climate zone with an average annual air temperature of −15.4 °C and an average January 

temperature of −31.3 °C [32]. The peninsula is located within a continuous permafrost 

zone with mean annual ground temperatures between −14 and −9 °C. The predominant 

landscape is grass–moss polygonal tundra. 

We studied different types of ground ice and enclosing Quaternary sediments on the 

low coast of the Faddeevsky Peninsula at four key sites (Figure 1 and Figure 2): the Strelka 

Anzhu Peninsula (A1), the cape Nerpichiy (KN810), the cape Sanga-Balagan (KSB910; 

KSB911; KSB912), and the cape Blagoveshchensky (KB803). 

 

Figure 1. Study area and location of key sites. Previously studied Quaternary sections: 1—Stolbovoy 

Island; 2—Bel’kovsky Island; 3—Khomurganakh River, Kotelny Island; 4—Cape Anisii, Kotelny Is-

land; 5—Maly Lyakhovsky Island [3]; 6—Bol’shoy Lyakhovsky Island [3,5,23,33]; 7, 8, 9—Kotelny 

Island [25,34]; 10, 11—Bunge Land [26]; 12—Khastyr River, Faddeevsky [32]; 13—Cape Sanga-

Balagan, Faddeevsky [24,35–37]; 14— Cape Blagoveshensky [24,35,37]; 15, 16, 17, 18—New Siberia 

Island [24,29–31]; 19—Zhokhov Island [38]. 

We investigated the geochemical features of lens ice which formed reticulate cryo-

structure in a 10 m outcrop of the Strelka Anzhu Peninsula (Figure 1; A1). Enclosing ma-

rine clays and loams, known as deposits of the Kanarchak Formation, are traced along the 

coast at different heights [24,35]. The clays were epigenetically frozen, forming various 

types of cryogenic structure. The enclosing sediments are saline (the clay salinity is about 

0.7%). Cl and Na predominate in the ion composition in accordance with their marine 

origin [37]. The age of the clays is controversial [24,29,35]. We assume that the clays stud-

ied at the key site A1 (Figure 3) formed during the transgression of MIS 5 [39] and froze 

after the sea regression in MIS 4, which is supported by the data provided by M. Alekseev 

[36] and V. Tumskoy [24]. 
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Figure 2. Detailed location and relief of the Faddeevsky key sites (1-5) shown in Figure 1. Back-

ground images (a) are from world imagery ArcGIS base map provided by the Environmental Sys-

tems Research Institute—ESRI. Elevation maps (b) are from ArcticDEM mosaics data [40]. 
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Figure 3. Schematic section of the studied key sites on the Faddevsky eastern coast. Legend: 1—

marine deposits (clay and loam) with reticulate cryostructure; 2—Late Pleistocene Yedoma Ice Com-

plex (IC) deposits; 3—Holocene deposits; 4— cover layer; 5—bedrocks (Paleogene–Neogene); 6—

debris; 7—ice wedges (a—Holocene; b—Late Pleistocene); 8—tabular ground ice; 9—boundary be-

tween Holocene and Late Pleistocene deposits; 10—peat lenses and layers; 11—key sites. 

Late Pleistocene Yedoma Ice Complex (IC) and Holocene deposits overlie the clays 

(Figure 2). To the east of the cape Nerpichiy (Figure 1), in the upper part of the 12 m cliff, 

two ice wedges are exposed at a distance of 5 m (Figure 3). The sampled IW (KN810) has 

a width close to 4–4.5 m and visible vertical extent of about 5 m. The enclosing sediments 

are represented by peat and organic-rich (TOC—4.7%) silty loams with layered cryostruc-

ture [37]. For the similar section in the Khastyr River area (Figure 1), dates in the range of 

25.7–43 ka BP were obtained [32], indicating the formation of deposits during MIS 3. High-

resolution imagery (Figure 2(2a)) shows baydzherakh (residual thermokarst mounds) re-

lief typical on Yedoma upland slopes [41]. Therefore, we suggested studying the Late 

Pleistocene ice wedges of the Yedoma IC formation. 

To the west of the cape Sanga-Balagan (Figure 1, KSB910, KSB911, KSB912), the Qua-

ternary section consists of a sequence of ice wedges of different ages (Figure 3). At the 

lowest absolute levels (0.5–3 m a.s.l.), relatively small narrow ice wedges (up to 1.5 m in 

width and 2 m in vertical extent) are exposed, whereas the ends of some of them are below 

the beach level. In this part of the section, we sampled ice monoliths of the IW KSB910 in 

silty loams with layered cryostructure. To the east, with the rise of the coastal cliff height, 

Yedoma IC deposits (Figure 3) are exposed, later disappearing beneath the beach. It is 

difficult to estimate the size of the wedge, since the ice opens in a longitudinal section, 

forming a single ice “wall”. The narrow (0.4 m width) epigenetic IW penetrates into the 

Late Pleistocene Yedoma IC to a depth of 2 m in the key site KSB911 (Figure 1). Then, 2.3 

km south of KSB911 (Figure 1), between the outcrops of the Paleogene–Neogene bedrock, 

the tabular ground ice (TGI) is exposed in a 9 m coastal cliff (KSB912) (Figure 3). The TGI 

is transparent and coarse grained, with mineral inclusions unevenly distributed in the ice 

body. The enclosing silty clays are saline (the silty clays’ salinity is 0.5%), and Na, Mg, and 

Cl ions dominate in the water solute composition [37]. 

The section near the cape Blagoveshchensky (Figure 1, KB803) has been significantly 

altered by thermal erosion and denudation processes (Figure 2(5a)). Along the entire 
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coast, different-aged IWs are exposed, while their size rises to the northwest with increas-

ing coastal elevation. We study the lowest part of the coast at the key site KB803. Marine 

clays in the lower part of the section are overlapped by Holocene continental deposits 

with narrow syngenetic and epigenetic ice wedges. At the same time, the ends (“tails”) of 

wedges are epigenetically included in the sequence of marine clays. In the eastern part of 

the section, there is an alluvial sequence of cross-bedded sands that cut off epigenetic ice 

wedges. We sampled the Holocene IW KB803 (Figure 3), the lower part of which was 

formed epigenetically in marine clays, whereas the upper part was grown syngenetically 

under continental conditions. 

3. Methods 

3.1. Fieldwork and Sample Preparation 

During fieldwork conducted on the Faddeevsky coast, ice monoliths (30 samples) 

and frozen enclosing deposits were taken and transported to the analytical center of FSBI 

“VNIIOkeangeologia” (Saint Petersburg, Russia). To carry out the complex analytical 

studies, we applied an optimized scheme for subsampling and sample preparation [14]. 

Prior to analysis, separately from the gas component measurements, meltwater samples 

were transferred through a 0.45 μm syringe filter (Sartorius). All geochemical datasets 

analyzed for the ground ice samples of the Faddeevsky Peninsula are presented in the 

Supplementary Material (Table S1 in Supplementary material). 

3.2. Stable Isotope Composition 

Stable isotope data from ground ice meltwater samples were analyzed using the 

Picarro L2120-i analyzer at the Climate and Environmental Research Laboratory of the 

Arctic and Antarctic Research Institute (Saint Petersburg, Russia). Results were expressed 

in delta per mil notation (δ, ‰) relative to the Vienna Standard Mean Ocean Water 

(VSMOW) standard. The analytical precision is better than ±0.3‰ for δD and ±0.05‰ for 

δ18O. 

3.3. Dissolved Gas Analysis, DOC, and DIC Measurements 

Gas chromatographic (GC) analysis of C1–C5 hydrocarbon gases (HCGs) in the melt-

water headspace was performed on a Shimadzu GC 2014 gas chromatograph equipped 

with 10-port gas valve with an evacuated loop, Restek Rt-Aluminia BOND/Na2SO4 (40 m) 

wide bore capillary column, and flame ionization detector (FID). Helium was used as car-

rier gas at a flow rate of 25 mL/min. To determine the concentrations of CO2, we used a 

Porapak-N packed column (1 m) and a thermal conductivity detector (TCD). 

The certified gas mixtures were used for instrument calibration. The uncertainty of 

the GC measurements was no higher than ± 5%. The detection limits were ~0.1 ppmV for 

methane and HC gases and ~1 ppm for CO2. Methane concentrations (μmol) were calcu-

lated using the values of headspace mixing ratio and Bunsen solubility coefficients [42]. 

Gas wetness (gas wet percent, wetness coefficient, kW) was determined according to the 

formula ΣC2–C5/ΣC1–C5 × 100 [43]. 

Dissolved carbon species (DOC and DIC) were measured using the Shimadzu TOC-

V CSN element analyzer. The uncertainty of the analytical measurements was no higher 

than ±6%. Detection limit did not exceed 0.05 mgC/L. To calculate the total DIC, we sum-

marized the obtained values of DIC with a dissolved fraction of CO2 in headspace. 

3.4. Ion Composition, DIN Measurments 

The ion composition of filtered meltwater samples was analyzed using ion chroma-

tography with a Metrohm 940 Professional IC Vario with a conductometry detector and a 

chemical suppressor unit (MSM-A) to reduce the background conductivity. The anions 

were separated using a Metrosepp A Supp 5–250/4.0 column and 5 mmoL Na2CO3/Na-

HCO3 solution as an eluent at flow rate 1 mL/min. The cations were separated with a 
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Metrosepp C6–250/4.0 column and a mixture of 1.7 mM nitric and 1.7 mM dipicolinic acid 

solution as an eluent at a flow rate of 0.9 mL/min. The certified standard mixtures of ion 

composition (Fluka) were used to calibrate and calculate the resulting concentration val-

ues (mg/L). The uncertainty of the analytical measurements was ±1.5%. The detection limit 

was 0.02 mg/L (Cl−). 

To determine the non-sea-salt component of Ca2+ ([nssCa2+]) and SO42− ([nssSO42−]), 

we used the following equations, assuming that Na predominantly originates from sea 

salt [11]: 

[nssSO42−] = [SO42−] − a* [Na+]; a = 0.198, (1) 

[nssCa2+] = [Ca2+] − b* [Na+]; b = 0.024, (2) 

where a and b are the SO42−/Na+ and Ca2+/Na+ of regional sea water [29], respectively. 

The total dissolved solute (TDS) content was determined as the sum of all ions and 

DIC. Dissolved inorganic nitrogen (DIN) was determined as a sum of NO3−and NH4+. 

3.5. Fluorescence Measurements of Dissolved Organic Matter Molecular Composition 

A Shimadzu RF5301 Fluorimeter was used for fluorescent excitation–emission matrix 

(EEM) measurements with wavelength ranges of 250–500 nm for excitation and 250–600 

nm for emission. The excitation and emission wavelength steps were 2 and 1 nm, respec-

tively. The inner filter effect was controlled by the sample dilution [44]. The diagnostic 

spectral indices, fluorescent index (FI), and biological index (BIX) were calculated [45]. 

The dissolved organic matter (DOM) fractional composition based on EEM spectra 

was explored by PARAFAC modeling using the Matlab graphical user interface (GUI) 

toolbox efc v1.2 (https://www.nomresearch.cn/efc/indexEN.html accessed on 19 July 

2022). This toolbox was developed based on the n-way package in DOMFluor [46] and 

FDOMcorrection [47]. A dataset comprising 128 3D EEM spectra of the filtered ground ice 

meltwater samples was employed for PARAFAC modeling. The appropriate number of 

PARAFAC components was determined as result of the split-half validation procedure 

[48]. The relative concentration of each PARAFAC component in Raman units (RU) was 

estimated by the Fmax output of random initialization analysis [49]. The modified 

Tucker’s congruence coefficient values (mTCC) were utilized to compare the identified 

PARAFAC components with library data containing 38 PARAFAC models [50]. The 

mTCC values of >0.95 reliably indicate a match between the two PARAFAC components. 

4. Results 

4.1. Stable δ18O and δD Isotopes 

Table 1 provides an overview of stable isotope data for each type of ground ice. 

Table 1. Stable isotope data of ground ice studied on the Faddeevsky coast. 

Site Type of Ice δ18O (‰) δD (‰) d-excess 

KSB911 Holocene IW −24.2 to −24.0; −23.8 * −183.7 to −180.9; −182.3 7.0 to 11,3; 9.8 

KB910 Holocene IW −23.2 to −21.3; −22.5 −176.7 to −161.0; −170.3 9.1 to 10.7; 9.9 

KB803 Holocene IW −25.3 to −21.7; −24.2 −190.2 to −163.4; −182.6 7.9 to 12.7; 11.3 

KN810 Late Pleistocene IW −31.0 to −29.3; −30.2 −240.6 to −226.5; −234.0 7.2 to 8.8; 7.9 

KSB912 TGI −18.2 to −11.2; −14.2 −139.5 to −95.8; −111.6 −6.2 to 5.9; 1.8 

A1 Lens ice −14.1 −122.1 −9.5 

* Min to max; average. 

According to the position of the values on the δ18О–δD diagram (Figure 4), ice 

wedges, TGI, and lens ice formed three groups. The isotope values of different ice wedges 

(IWs) correlate well with the global meteoric water line (GMWL), which confirms their 
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atmospheric origin and indicates equilibrium isotope fractionation during the formation 

of atmospheric moisture and wedge ice. Moreover, two groups of IWs can be identified: 

those with δ18О values > −29‰ (KN810) and those with δ18О values from −22.5 to −24‰ 

(KB803, KSB910, KSB911). 

 

Figure 4. The δ18О–δD diagram of the different ground ice from the Faddeevsky eastern coast. 

In accordance with the previously published δ18О data for this region [25,29,33,51,52], 

we have identified ice wedges formed in different periods of the Holocene (KSB911; 

KSB910; KB803) and Late Pleistocene (KN810). The Late Pleistocene IW is characterized 

by almost uniform distribution of values for δ18О (−31 to −29.3‰), as well as a small range 

for δD (−240.6 to −226.5‰) and d-excess (7.2 to 8.8‰). Holocene wedges express a greater 

variability of stable isotope values. For KB803, the lowest value was recorded in the sam-

ple taken from the “tail” (KB803-9V, Table S1): −21.7‰ for δ18О and −163.4‰ for δD, while 

for most samples, δ18О was close to −25‰ and δD was approximately −129‰. KB803 has 

elevated d-excess up to 13 ‰. The KSB910 record indicates the same features, but with 

slightly high isotope values; the mean δ18О was −22.5‰ and the mean δD was −170.3‰. 

The d-excess was close to 10‰. The most modern IW KSB911 had a mean of −24.0‰ for 

δ18О‰ and −182.3‰ for δD. The d-excess values varied from 7 to 11‰ (Table 1). 

The δ18О–δD data of lens ice observed in the marine deposits of the Strelka Anzhu 

Peninsula (A1) and TGI of Cape Sanga-Balagan (KSB912) were below the GMWL, imply-

ing intrasedimental origin [4]. Compared to ice wedges, the TGI of KSB912 shows the 

highest values, ranging from −18.2 to −11.2‰ for δ18О and −139.5 to −95.8‰ for δD (Table 

1). The A1 sample shows similar data: −14.1‰ for δ18О and −122.1‰ for δD (Table 1). The 

lowest d-excess including negative values were reported in the A1 sample (−9.5 ‰) and 

in the TGI sample KSB912-3 (−6.18‰, Table S1), while the mean d-excess value for KSB912 

was about 1.8‰. 

4.2. Carbon Cycle Parameters (DOC, DIC, CH4, C2–C5 Gases) 

Table 2 contains information about concentrations of dissolved carbon species (DIC 

and DOC), methane (CH4), total content of hydrocarbon gases (HCG), and humidity co-

efficient (kW). 
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Table 2. CH4 and CO2 concentrations, parameters of C1–C5 HG molecular composition. 

Site Type of Ice DOC, mg/L DIC, mg/L CH4, μmol/L 
Total HCG, 

ppm 
kW, % 

KSB911 Holocene IW 9.3 to 13.6; 11.4 * 2.1 to 4.9; 3.5 0.50 to 1.55; 1.06 12.6 0.7 

KB910 Holocene IW 3.5 to 7.6; 5.0 2.0 to 5.7; 3.6 0.02 to 0.29; 0.11 1.5 6.7 

KB803 Holocene IW 7.0 to 1.3; 8.6 1.0 to 3.2; 2.2 0.13 to 2.27; 0.80 11.4 1.1 

KN810 
Late Pleistocene 

IW 
10.5 to 17.7; 13.5 3.4 to 6; 4.2 0.02 to 0.19; 0.07 1.2 25.7 

KSB912 TGI 1.7 to 6.5; 4.2 0.9 to 1.3; 1.1 0.07 to 0.59; 0.23 3.4 1.7 

A1 Lens ice 13.7 4.5 0.01 to 0.07; 0.05 0.7 5.4 

* Min to max; average. 

DOC concentrations in IWs ranged from 3.5 mg/L in the Holocene IW KB910 to 17.7 

in the Late Pleistocene IW KN810. The highest DOC concentrations were found in the Late 

Pleistocene IW with a mean of 13.5 mg/L, in accordance with published data [53]. Holo-

cene IWs showed a wide range of DOC values, with an average of 5 mg/L for KSB910, 8.6 

mg/L for KB803, and 11.4 mg/L for the youngest epigenetic IW KSB911 (Table 2). Lens ice 

demonstrated DOC enrichment with 13.7 mg/L, while the DOC range for TGI was 1.7 to 

6.5 mg/L (Table 2). DIC concentrations showed a smaller range of values from 0.9 mg/L in 

TGI to 4.5 mg/L in lens ice. Among the wedges, the highest values were found in the Late 

Pleistocene IW, with a maximum of 6 mg/L, although the Holocene ice showed slightly 

lower concentrations. 

The methane concentrations in the samples varied from 0.01 μmol/L in the lens ice 

sample (A1) to 2.27 μmol/L in the IW sample KB803-2G (Table S1). KB803 was character-

ized by an uneven distribution of CH4 with maxima in the range of 0.8–2.27 μmol/L in 

side samples taken along a horizontal profile in the upper part of KB803. The epigenetic 

IW (KSB911) demonstrated methane enrichment with a mean of 1.55 μmol/L compared to 

KSB910 and KB803. The Late Pleistocene IW was depleted of methane, revealing the max-

imum of 0.2 μmol/L (Table 2). CH4 concentrations in most samples of intrasedimental ice 

did not exceed 0.1 μmol/L, excluding TGI samples KSB912-3 (0.59 μmol/L) and KSB912-4 

(0.33 μmol/L) (Table S1). 

4.3. Ion Composition and DIN 

The ion composition of analyzed samples expressed the significant variability be-

tween different key sites, as well as within a particular ice body (Figure 5; Table S1). 
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Figure 5. Boxplot of major ion concentrations in ground ice samples. 

TDS content ranged from 20 mg/L in the Holocene IW (KB803-6V, Table S1) to 344 

mg/L in lens ice (A1); the average TDS concentrations of each site are detailed in Table 3. 

Generally, Holocene ice wedges are marked by lower TDS content with distinct peaks 

(local maxima), such as 190 mg/L in the “tail” sample of KB803-9V (Table S1). The Late 

Pleistocene IW (KN810) showed a wide range of TDS, with the highest values in the older 

(side) parts of the IW up to 252 mg/L (KN810-G4, Table S1). For this paleoenvironmental 

study, we used the ratios of major ions to TDS (Table 3), considering the wide range of 

TDS values. The Table 3 does not present PO43−, NO3−, and Br−, as their ratios do not exceed 

0.6% for PO43− and NO3− and 0.1% for Br−. Some of the anomalies of these ions are discussed 

below. 

Table 3. The average ratio of major ions to TDS (%), including non-sea-salt components of SO42− and 

Ca2+; TDS (mg/L) of key sites. 

Site Type of Ice Na+ NH4+ K+ ssCa2+ nssCa2+ Mg2+ Cl− ssSO42− nssSO42− TDS 

KSB911 Holocene IW 19.8 2.1 5.4 0.5 8.5 5.2 37.9 3.9 3.5 27.6 

KSB910 Holocene IW 16.3 0.5 2.7 0.4 5.8 5.0 49.9 3.2 3.5 30.7 

KB803 Holocene IW 23.5 0.8 2.3 0.6 3.2 3.3 53.1 4.6 4.2 67.0 

KN810 
Late Pleistocene 

IW 
17.7 1.1 1.8 0.4 3.2 3.9 31.6 3.5 32.1 101.1 

KSB912 TGI 24.0 2.8 2.1 0.6 3.7 2.6 35.7 4.8 21.3 52.9 

A1 Lens ice 41.0 0.8 2.6 1.0 0.7 1.7 42.5 8.1 0 344.2 

The dominant part of the TDS in the studied samples is represented by Na+ and Cl- 

ions, ranging from 3.5 (the KB803-6V sample, Table S1) to 141.1 mg/L (the A1 sample, 

Table S1) for Na+ and from 6.1 (the KSB910-5 sample, Table S1) to 146.4 mg/L for Cl- (the 

A1 sample, Table S1). Samples from lens ice (the A1 sample, Table S1) and the “tail” of the 

KB803 IW (the KB803-9V sample, Table S1) demonstrate the highest concentrations of Cl- 

(146.4 and 100.5 mg/L) and Na+ (141.1 and 51.3 mg/L), respectively. 

In the TDS composition of KN810, SO42- prevailed, although the values were distrib-

uted unevenly across the ice body, ranging from 4.2 (the KN810-G2 sample, Table S1) to 

131.6 mg/L (the KN810-G4 sample, Table S1). Meanwhile, the SO42- concentrations in 

KSB912 ranged from 4.2 (the KSB912-5 sample, Table S1) to 34.3 mg/L (the KSB912-2 sam-

ple, Table S1). Remarkably, the Late Pleistocene IW (KN810) and TGI showed nssSO42- 
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enrichment, while SO42- records from other sites reflected the “marine” signal. Among 

Holocene wedges, SO42− did not exceed 7.49 mg/L, except for the KB803 “tail” sample, 

where the value reached 22.3 mg/L (KB803-9V, Table S1). The SO42- in lens ice fully re-

flected the “marine” composition with a concentration of 28 mg/L (Table S1). 

Ca2+ is mainly represented in non-sea-salt components, except lens ice (A1). Total Ca2+ 

was evenly distributed between the samples from 1.1 (the 803-6V sample, Table S1) to 6.3 

mg/L (the KN810-G4 sample, Table S1). A close range was recorded for K+ and Mg2+ ions, 

reaching 3.4 mg/L (in the sample KB803-9V, Table S1) and 8.75 mg/L (in the sample 

KN810-G5, Table S1), respectively. The lens ice (A1) shows a K+ peak (9.1 mg/L) and a 

high Mg2+ content (6 mg/L). 

Regarding Br- concentrations, in most samples, they do not reach 0.1%; however, it 

should be noted that samples from lens ice and from the “tail” of KB803 show distinctive 

values: 0.4 and 0.2 mg/L (KB803-9V, Table S1). PO43- enrichment was recorded in the 

KB803-4G sample (2.7 mg/L) and one KN810-G1 sample (1.6 mg/L), while the rest aver-

aged 0.1 mg/L. The highest concentration of NH4+ was detected in lens ice A1 (2.8 mg/L), 

TGI (average value 1.5 mg/L), the “tail” sample KB803-9V (1.1 mg/L), and in KN810 (from 

0.5 mg/L up to 2.3 mg/L) (Table S1), while a significant ratio of NH4+ to TDS dominated in 

ice formed epigenetically (KSB911 and KSB912) (Table 2). NO3- was found in all ground 

ice samples, with a maximum concentration of 0.5 mg/L in the Holocene IW KB803 

(KB803-5G, Table S1). 

The concentration of dissolved inorganic nitrogen (DIN) ranges from 0.1 mg/L in the 

IW KB803 (KB803-6V, Table S1) to 2.9 mg/L in lens ice sample (A1). Generally, Holocene 

IWs are characterized by low mean values of DIN: 0.8 mg/L in KB803; 0.3 mg/L in KSB910; 

and 0.7 mg/L in KSB911. The Late Pleistocene IW KN810 shows a wide range of DIN val-

ues from 0.7 to 2.4 mg/L. Relatively high DIN concentrations were found in TGI and lens 

ice, with mean values of 1.6 mg/L in KSB912 and 2.9 mg/L in A1 (Table S1). 

4.4. Fluorescent DOM (fDOM) Composition and Fluorescent Indices 

Four fluorescent components of DOM were extracted as result of the PARAFAC anal-

ysis. The component P1 (Figure 6) had an excitation wavelength ranging from 300 to 420 

nm (maximum at 370 nm) and an emission wavelength ranging from 380 to 600 nm (max-

imum 470 nm). The library comparison analysis (efc v 1.2) indicated the exact correspond-

ence of this component (p = 0.989) to the library fluorophore, which was described as a 

high-molecular-weight high-aromaticity humic DOM fraction of terrestrial origin [54]. 

The loadings (Fmax) varied from 0.26 RU in the IW sample KN810-V4 (Table S1) to 0.55 

RU in the ice wedge sample KSB910-1 (Table S1). The median value of this component 

constituted 0.37 RU, which corresponded to 19.17% of the average bulk content of the 

fluorescent DOM defined as a sum of the PARAFAC components loadings. The coefficient 

of variation was equal to 14.62%. 
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Figure 6. PARAFAC components and their characteristics. The top left graph represents the scores 

of the corresponding identified component; the top right graph indicates the excitation (Ex) and 

emission (Em) 2D spectra of each PARAFAC component. 

The component P2 (Figure 6) had an excitation wavelength ranging from 270 to 380 

nm (maximum at 310 nm) and an emission wavelength ranging from 370 to 500 nm (max-

imum 425 nm). The library comparison analysis (efc v 1.2) indicated the correspondence 

of this component (p = 0.963) to the library fluorophore, which was described as a humic-

like DOM fraction associated with recent biological activity [55]. The loadings (Fmax) var-

ied from 0.57 RU in the TGI sample KSB912-1 (Table S1) to 0.76 RU in the IW sample 

KN810-G5 (Table S1). The median value of the P2 component was 0.69 RU, which corre-

sponded to 33.98% of the average bulk content of fluorescent DOM defined as a sum of 

the PARAFAC component loadings. The coefficient of variation was equal to 6.87%. 

The component P3 (Figure 6) had an excitation wavelength ranging from 250 to 350 

nm (maximum at 260 nm) and an emission wavelength ranging from 350 to 520 nm (max-

imum at 470 nm). The library comparison analysis (efc v 1.2) indicated the exact corre-

spondence of this component (p = 0.993) to the library fluorophore, which was described 

as a ubiquitous humic-like DOM fraction of terrestrial origin [54]. The loadings (Fmax) 

varied from 0.52 RU in the IW sample KN810-V4 (Table S1) to 0.80 RU in the IW sample 

KSB910-2 (Table S1). The median value of the P3 component constituted 0.67 RU, which 

corresponded to 33.71% of the average bulk content of the fluorescent DOM defined as a 

sum of the PARAFAC component loadings. The coefficient of variation equaled 12.35%. 

The component P4 (Figure 6) had an excitation wavelength ranging from 250 to 320 

nm (maximum at 270 nm) and an emission wavelength ranging from 250 to 400 nm (max-

imum at 340 nm). The library comparison analysis (EFC v 1.2) indicated the exact corre-

spondence of this component (p = 0.987) to the library fluorophore described as protein-

like DOM [56]. The loadings (Fmax) varied greatly, ranging from 0.06 RU in the IW sample 

KN810-V2 (Table S1) to 0.90 RU in the TGI sample KSB912-5 (Table S1), comprising a 
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maximum loading value of all quantified PARAFAC components in the sample collection. 

It presented Ks values of 0.95 and 0.94, with fluorescent peaks B and T indicating tyrosine-

like and tryptophan-like fluorophores, respectively [57], calculated by fraction regional 

integration [49]. The median value of the P4 component was moderate (0.16 RU) relative 

to the humic-like DOM constituents above, which corresponded to 19.84% of the average 

bulk content of the fluorescent DOM defined as a sum of the PARAFAC component load-

ings. The coefficient of variation was extremely high, constituting 101.18%, which is linked 

to five-fold enrichment in the P1 component of the TGI (KSB912) relative to all sampled 

IWs. 

Next, the extracted PARAFAC components P1–P3 were related to soluble humic-like 

substances, while P4 represented the protein-like DOM linked to free aromatic amino ac-

ids or polypeptide chains of the dissolved proteins. The greatest variation in fluorescent 

DOM composition was associated with pronounced enrichment of the tabular ground ice 

samples with a protein-like DOM fraction. The box plot in Figure 7 illustrates the bulk 

composition of the fluorescent DOM based on the EEM-PARAFAC analysis. We explored 

the variation in the PARAFAC components P1–P4 in the analyzed ground ice samples 

using the Kruskal–Wallis multiple ANOVA test. The results of the statistical test indicated 

significant variance (p = 0.0066) in concentrations (loadings) of the P1 component between 

the ice wedges KN810 and KSB910. The component P2 concentration was significantly 

lower (p = 0.0001) in TGI samples (KSB912) than in all the other sampled IWs. Among IWs, 

we observed that KN810 was sufficiently enriched in P2 compared to KSB910. The P3 

component was of a significantly higher level (p < 0.0001) in the IW KSB910 than in all the 

other ground ice samples, including TGI. Meanwhile, the IW KN810 and the TGI KSB912 

were considerably more depleted in the P3 component than the IWs KSB910, KSB911, and 

KN803. The P4 component was remarkable for more than five-fold enrichment in the TGI 

compared to IWs. We also observed relative depletion of the IW KN810 in protein-like 

DOM, which was considered insignificant according to Kruskal–Wallis ANOVA. 

 

Figure 7. The box plot of the bulk composition of the fluorescent DOM based on the data of EEM-

PARAFAC analysis. 

The values of the fluorescent index (FI) varied from 1.14 (IW sample KB803-6V, Table 

S1) to 1.55 (IW sample KN810-G4, Table S1) with a coefficient of variation of 5.61%. We 

found no significant variance in FI between the sampled IW and TGI. The values of the 

normalized humification index (HIXc) ranged from 0.29 in the TGI sample KSB912-5 
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(Table S1) to 0.94 in the IW sample KN810-V2 (Table S1) with a coefficient of variation 

value of 21.24%. The results of the Kruskal–Wallis test show significantly higher humifi-

cation of the IW KN810 relative to TGI (KSB912) (p < 0,001). The biological index (BIX) 

values varied between 0.47 in the IW sample KB803-5G and 1.45 in the TGI (KSB912) sam-

ple, with a coefficient of variation as high as 22.97%. The values of BIX were significantly 

higher in the TGI samples than in all of the IWs except for KSB911. 

5. Discussion 

5.1. Paleoclimate Record from Ice Wedges of the Faddeevsky Coast Based on δ18О–δD 

Composition 

According to previously published radiocarbon dates [3,25,32], ice wedges on Ko-

telny Island were formed during the Late Pleistocene (MIS 3 and MIS 2) and the Holocene 

(MIS 1). Generally, Late Pleistocene IWs of Kotelny and Faddeevsky recorded a wide 

range of δ18О values from −31‰ to −25‰ [25,32], reflecting the large variability in winter 

air temperatures during that time. The insignificant difference in stable isotope data be-

tween IWs formed in MIS 3 and MIS 2 is related to the lack of a last glacial maximum 

(LGM) record [58]. The most recent data from the Bol’shoy Lyakhovsky IWs [33] represent 

the most depleted δ18О (−37‰) in ice wedge records formed during the LGM. The mean 

δ18О reported for Holocene IWs on Kotelny is about –23‰, while the variations in δ18О do 

not exceed 2‰ [25]. 

Our δ18О data from IWs of the Faddeevsky eastern coast broadly comply with the 

previously published information; however, some distinct features were revealed. δ18О 

values of the KN810 IW were close to −30‰ and did not demonstrate significant varia-

tions compared to the Holocene wedges, where the changes in values of δ18О, even within 

a particular IW, reached 4‰. The observed variations in oxygen isotope signatures could 

be linked to temperature fluctuation during ice wedge growth or mixing of waters enter-

ing the wedge. For instance, heavier isotopic values (−22‰) in the “tail” of KB803 may be 

associated with possible ingress of sea water and sea level close to modern values in the 

early stages of IW growth. The Holocene ice wedges of Faddeevsky have a heavier isotope 

composition by an average of 6 ‰ in comparison with those of the Late Pleistocene age; 

however, the average values obtained are slightly higher than those recorded on Kotelny 

Island [25], which can be explained by more severe climate conditions of the East Siberian 

coast. 

The Holocene IWs are distinguished from the Late Pleistocene ones not only by heav-

ier δ18О values, but also by the highest mean d-excess of 11–13‰. Generally, d-excess al-

terations have been interpreted as a change in moisture sources or certain local processes 

as fractionation in the snow cover. Previous studies have interpreted these variations as 

an overrepresentation of early winter snow in the meltwater-fed IWs [58], the increased 

impact of the Atlantic, as well as the long-range transport of air masses on the Holocene 

snow cover [25]. 

Temperature estimates [6] for the studied coast revealed that the mean temperature 

for MIS 3 dropped to −45 ± 3 °C in January, while in the Holocene, it was around −35 ± 3 

°C. The higher winter temperatures of the Holocene reflect the influence of the sea and 

the warmer Atlantic masses. During the Holocene IW formation, temperature fluctuations 

were more pronounced than during MIS 3; mean January temperature varied from −38 to 

−31 °C. Thus, in the warmest periods of the Holocene, the January temperature was com-

parable to the modern value of −31 °C [32]. 

5.2. Ion Composition of Ground ice for Paleoenvironmental Reconstructions 

The ion concentrations of ground ice largely reflect the conditions of the formation 

period and freezing features. The most common approach used to establish paleoenviron-

mental conditions using ion analysis is to determine the “marine signal” in total dissolved 

solute (TDS) composition. Sea-salt ions are transported as part of marine aerosols 
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generated by sea spray from open water, upward migration from sea ice, and frost flowers 

being wind-blown to the snow surface [59]. Na+, Cl−, and Br− ions primarily originate from 

sea salt. Their common source is confirmed by a strong positive correlation (Ks~0.9). Ge-

ochemical results from Western Siberia [4] identified the coastline position of the Kara Sea 

in the Late Pleistocene and Holocene based on estimation of the Cl- and Na+ enrichment. 

In order to assess the contribution of marine ions to the source water of studied IWs, we 

used the Cl−/SO42− plot (Figure 8) and clearly distinguished two groups of IW samples 

relative to seawater ratio [29], marked on the plot as a vertical blue line. The first group 

represented the Holocene ice wedges KB803 and KSB910, in which the Cl−/SO42− values 

were close to those of sea water. The predominance of Cl−, Na+, and ssSO42− in TDSs is 

indicative of the major contribution of sea-salt aerosols, suggesting the formation of the 

ground ice under strong marine influence in proximity to the coast. The direct participa-

tion of sea water in ice wedges is controversial; however, Yu. Vasil’chuk et al. [60] reported 

that TDS content of more than 200 mg/L may be a sign of sea or lagoon water. From this 

perspective, the “tail” sample of the KB803 IW featuring TDSs of more than 190 mg/L and 

anomalously high concentrations of marine ions may indicate ingress of sea water during 

early IW growth. 

 

Figure 8. Cl−/SO42− ratio to Total Dissolved Solute (TDS) content in studied ice wedges. 

The second group (Figure 8), marked on the plot as a red oval, unites almost all sam-

ples of the Late Pleistocene IW, demonstrating the greatest nssSO42− enrichment. Such a 

high concentration of nssSO42− (86% on average) may be associated with mineral leaching 

of deposits (for instance, gypsum), background volcanism [61], or the oxidation of dime-

thyl sulfide (DMS) from marine phytoplankton in sea water [62]. Another likely source of 

nssSO42− is oxidation of the pyrite (FeS2) which previously accumulated within marine 

deposits due to sulfate reduction. The subsequent weathering of the denudated sediments 

may lead to sulfate enrichment in the ground ice source water [63]. The relatively low 

ratio of marine components to TDS is likely indicative of the KN810 IW formation under 

continental conditions coupled with sea regression, similar to the ice wedges of Bol’shoy 

Lyakhovsky Island [10]. However, the impact of the sea on the studied coast is much more 

visible than that in other ice wedges of North Yakutia and the New Siberian Islands, as it 

is located closest to the Arctic Ocean. The IW KSB911 and individual samples from 

KSB910, KB803, and KN810, comprising a transition between the allocated groups, indi-

cate that the early stages of IW formation involved higher rates of nssSO42− than the sam-

ples of the first group [64]. The contribution of mineral particles is also determined by the 

Ca2+/Mg2+ ratio in ground ice samples, which is higher than in sea water. nssCa2+ 
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enrichment in KSB911 is associated with epigenetic freezing through close contact with 

the host sediments and active layer. Generally, the accumulation of non-sea-salt compo-

nents may also be related to the contact of spring snowmelts with the surface and the 

active layer, as well as the lateral contact of wedge ice with sediments, containing clay 

minerals, gypsum (Ca2+), dolomite (CaMg2), and feldspar (K+) [11,65]. 

The strongly saline lens ice of the 8 m high terrace in the area of the Anzhu Peninsula 

most likely reflects the composition of flooded marine deposits of the Kazantsevo trans-

gression [36]. The TGI studied in the Sanga-Balagan area is fresh; the elevated TDS values 

are associated with nssSO42-. Furthermore, the ion composition of the TGI from KSB912 

coincides with the composition of the lower horizon of the TGI of New Siberia Island [29]. 

NH4+ in studied ground ice samples may appear from the snowpack, surrounding 

bedrock (“geological nitrogen”) and organic matter decomposition coupled with ammon-

ification [66]. Relatively high NH4+ concentrations in Late Pleistocene IWs might be asso-

ciated with bedrock leaching, similar to nssSO42-. Meanwhile, the high NH4+ content in the 

TGI samples is likely linked to active ammonification processes due to the lack of limita-

tion of the autochthonous microbiota in the available nitrogen. This is consistent with the 

data on strong enrichment of TGI samples with autochthonous organic matter, according 

to the EEM DOM data. NO3 in ground ice is probably derived from wet and dry atmos-

pheric deposition, ammonification, and nitrification of soil organic matter and the oxida-

tion of geologic ammonium [66]. 

5.3. DOC, DIC, and Methane Features in Different Types of Ground ice 

Generally, higher DOC concentrations in ground ice indicate more favorable vegeta-

tion conditions during its formation and a greater degree of soil–water contact. The Late 

Pleistocene IW appear to be relatively enriched in DOC. According to palynological data 

from Kotelny, within this period, local forest groups grew along the river valleys, while 

steppe or tundra-steppe landscapes were preserved on the watersheds, indicating better 

conditions for primary production [34,67]. Moreover, from 28 to 18.9 ka BP, New Siberia 

Island had better conditions for continuous peat formation [28]. Generally, winters in the 

cold periods of MIS 3 in the study region were even colder than winters in MIS 2 (except 

during the LGM period), while the conditions of the growing season during the Karginsky 

interval (MIS 3) were significantly more favorable [34]. Enclosing deposits and active lay-

ers contribute significantly to the input of DOC into ground ice. Thawing processes in the 

active layer during seasonal or global climate variations suggest that high microbiological 

activity is responsible for both DOC mineralization and autochthonous production [68]. 

The Holocene IWs reveal lower DOC concentrations, with local exceedances in selected 

samples. Temperature increases on Kotelny Island in the Holocene contributed to the 

spread of shrub vegetation, while the lower summer temperatures led to the spread of 

wormwood–cereal plant associations [25]. Lower DOC concentrations in ice wedges and 

TGI can be explained by limited carbon inputs [69] or higher loss of organic matter 

through mineralization. Higher DOC concentrations in lens ice than in tabular ground ice 

are associated with prolonged contact of soil moisture with organic matter prior to freez-

ing [53]. 

Spring snowmelt water, as the main source of wedge ice, comes into contact with 

vegetation and soil, leaching the soil DOC [51,70]. We found a moderate positive correla-

tion (Ks > 5) between DOC and terrestrial ions (K+, Mg2+, nssCa2+, and nssSO42−), suggesting 

a common origin for these components [51]. The strong positive correlation between 

nssSO42− and DOC (Ks = 0.8) in the Late Pleistocene IW may indicate the single transport 

stream, leaching DOC and terrestrial ions. 

DIC enrichment in ground ice may be associated with organic carbon mineralization, 

mainly due to aerobic respiration by local biota, or with dissolution of carbonate minerals 

as a result of the soil leaching carried out by the source water. Regardless of the relative 

contribution of each of these processes, we examine DOC/DIC as an important tracer of 

the carbon cycle. A comparison of the DOC/DIC ratios from the Yamal Peninsula [14] and 
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the samples from Faddeevsky (present study) showed that the values of Yamal ground 

ice are reliably lower than those of Faddeevsky, as shown by the Kruskal–Wallis test (p = 

0.0018). One of the possible explanations for this is the comparatively warmer climatic 

conditions and higher activity of respiring microbiota (Figure 9) in the lower-latitude Arc-

tic region, which determines the higher rate of OM mineralization in ground ice from the 

Yamal Peninsula compared to Kotelny Island. 

 

Figure 9. DOC/DIC ratio in ground ice from the Faddeevsky coast and the Yamal Peninsula [14]. 

The contrast between the Late Pleistocene and Holocene is illustrated by the lower 

methane concentrations in Late Pleistocene IW than in Holocene IWs, which was also re-

ported for Western Siberia IW [13]. However, the CH4 concentrations of IWs from the cape 

Mamontov Klyk reveal the opposite pattern [16]. The CH4 mixing ratios are much higher 

than the atmospheric value, suggesting microbial methane production prior to their oc-

clusion in IWs or under cryogenic conditions within the ice body, which is confirmed by 

low concentrations of heavy HCGs. It is well known that heavier homologues (mainly C2–

C3) accompany microbially generated methane, though in incomparably low concentra-

tions [71]. Thus, a depletion of the produced methane due to the subsequent microbial 

oxidation (aerobic or anaerobic) could be reflected in a relative increase in the C2–C3 com-

ponents indicated by the elevated values of the gas wetness coefficient (kW, %) [71]. The 

elevated kW values in the samples of the Late Pleistocene IW KN810 (Figure 10) may be 

associated with preferential methane oxidation in the source water environment, or later 

during melting–refreezing and under cryogenic conditions. Microbial community cycling 

methane is abundant in the Yedoma deposits of Northeastern Siberia, as shown via the 

metagenomic study conducted in [72]. The various trends of the sample distribution 

across the headspace diagram likely distinguish Late Pleistocene and Holocene ice 

wedges in terms of the peculiarities of the methane cycle. 
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Figure 10. Headspace diagram of C1–C5 HG in IW samples (modified after [43]). 

In Western Siberia, СH4 concentrations serve as indicators of intrasedimental TGI 

formation [13]. Our data on the CH4 content in TGI cannot indicate the origin of ice. How-

ever, CH4 concentrations in the TGI found near the cape Sanga-Balagan were significantly 

lower than in the Yamal Peninsula. 

5.4. DOM Fluorescence Properties of Ground Ice 

We interpret the variations in the ground ice fluorescent DOM composition as signa-

tures of changes in paleoclimate conditions. It can be assumed that each PARAFAC com-

ponent (P1, P2, P3, P4) represents a specific pool of DOM assigned either to its biogenic 

producer or to a secondary process caused by initial DOM transformation before being 

incorporated into the ground ice. All the deconvoluted fluorophores exhibited spectral 

characteristics similar to those described in previous studies, suggesting the existence of 

common sources of DOM across latitudes. The EEM-PARAFAC data had high potential 

to differentiate between the characteristic features of the ground ice; this was supported 

by the statistically significant variations between the studied IW and TGI in terms of the 

modeled components P1–P4. 

In our study, the P4 component was significantly correlated (Ks > 0,9) with both 

amino acid fluorophores: tryptophan-like (peak T) and tyrosine-like (peak B) DOM de-

tected by fraction regional integration (FRI). The corresponding protein-like DOM fraction 

was definitely linked to a local biota which produced, transformed, and excreted the OM 

[55]. The correlation between protein-like DOM and the percentage of biodegradable or-

ganic carbon (BDOC) in the DOM pool was previously demonstrated in a range of Alas-

kan freshwaters, indicating that the corresponding DOC fraction was the most biochemi-

cally labile and easily converted into CO2 [18,19]. The five-fold enrichment of TGI in the 

P4 component compared to the IW detected in the present work might be a feature of 

epigenetic freezing, conserving the environment with abundant microbial life with unre-

stricted nutrient availability. TGI samples also demonstrate relatively high content of 

NH4+, which is allegedly a product of ammonification. Despite the lower content of DOC 

in the sampled TGI compared to IWs, the former is likely characterized by higher-quality 

organic matter. 
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The humic components are predominantly, but not solely, assigned to allochthonous 

DOM derived from terrestrial plants biomass [19]. The most likely way to incorporate 

humic DOM into the forming IW is through leaching of the soil material from the overly-

ing active layer and/or enclosing deposits. Thus, apart from a vegetation intensity respon-

sible for net OM production, the factors favoring the export of terrestrial DOC into ground 

ice deposits are the hydrological transport and melting–refreezing processes. 

The humic component P2 was remarkable due to its positive correlation with the 

DOC (Ks = 0.76). Moreover, we observed a moderately significant correlation of this com-

ponent (Ks > 0.6) with the cations Mg2+, Ca2+, and K+. This can be indicative of a preferen-

tially terrestrial origin of DOC in the studied ground ice. 

Comparing our results to the available data on EEM-PARAFAC components in the 

cryosphere, we conclude that the distribution of the DOM fractions in ice wedges from 

Faddeevsky was generally similar to those detected in ice wedges in East Siberia [21]. 

There was a strong prevalance of humic-like DOM over protein-like forms in terms of 

both quantity and diversity. Three humic-like and one protein-like EEM-PARAFAC 

component were detected, while Vonk et al. [21] discovered one protein-like and six 

humic-like components. The P2, P3, and P4 components of our study are generally con-

sistent with KW4, KW2, and KW7 components, detected in the IW of lower Kolyma 

Yedoma [21]. The glacial-derived fluorescent DOM, as opposed to those of the ground ice, 

is preferentially enriched in the biolabile component, but extremely depleted in DOC con-

tent. The mean concentrations of DOC in the ground ice meltwater appear to be ~20 times 

lower in the glacier meltwater, as follows from the present study and numerous previous 

works [20,21]. However, among the humic-like DOM, the EEM-PARAFAC components 

P2 and P3 in our work likely coincide with the component C425 [20] and component 3 

[22], respectively, both of which were found in the glacial meltwater samples. All the 

protein-like EEM-PARAFAC components predominant in glacial systems are largely 

similar to a blue-shifted component P4 of our ground ice samples. The above features 

suggest the integrity of the global sources of DOM in the cryosphere. 

In order to discriminate the paleoclimate environments of the studied ground ice for-

mation based on the fDOM data, we created scatter plots of the selected humic compo-

nents P2 and P3 (Figure 11). As shown by the plot, there were three more or less distinct 

groups of samples, which are marked by ovals. The largest group included the Holocene 

IWs: KB803, KSB910, KSB911, characterized by the similar values of P2 and P3 with fairly 

compact distribution. The second group included only the samples of the TGI KSB912, 

representing relatively lower loadings of both P2 and P3 greatly scattered across the plot 

and positively correlated with each other (R2 = 0,72). This correlation points to a common 

route of these components prior to freezing, and their conservation likely indicates epige-

netic freezing during TGI formation. The third group formed by the lower loadings of P2 

and higher values of P3 was represented by the Late Pleistocene IW (KN810). The result-

ing distribution pattern clearly illustrated that the DOM signatures tracked the variability 

in both paleoclimate conditions of the IW formation (discriminating the Holocene and 

Late Pleistocene IWs) and types of ground ice (IW and TGI), likely linked to a different 

freezing mechanism (syngenetic and epigenetic). The two groups of IWs do not demon-

strate a significant correlation between the components; however, we suggest (especially 

for the Holocene IW group) that there is a negative correlation, assuming alteration of 

initial composition linked to biodegradation or photooxidation of humic components. Alt-

hough we cannot interpret this result in terms of biogeochemical pathways of DOM trans-

formation, it clearly indicates the high potential of DOM research in various aspects of 

geocryology, including both paleoclimate reconstruction and relic carbon storage/mobili-

zation. 
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Figure 11. Pair scatter plot of the PARAFAC components P2 and P3. 

6. Conclusions 

In this research, we introduced geochemical data from ground ice observed on the 

Faddeevsky eastern coast (East Siberian Arctic). The distinction between ice wedges 

formed in the Late Pleistocene (MIS 3) and in the Holocene (MIS 1) is evident based on 

δ18О depletion (6‰ less), lower d-excess, as well as a CH4 fractionated hydrocarbon gas 

(HCG) composition due to the methane removal required for oxidation. High d-excess 

(11–13‰) in the Holocene IWs may be associated with the increased impact of the Atlantic 

and the long-range transport of air masses on the Holocene snow cover. Temperature es-

timates show severe winter conditions in MIS 3 during the formation of the Yedoma IC, 

with a mean January air temperature of −45 ± 3 °C, while in the Holocene, it was around 

−35 ± 3 °C. This is comparable with modern values. 

The predominance of Cl−, Na+, and ssSO42− in TDS composition of the Holocene IW 

confirms the major contribution of sea-salt aerosols and proximity to the sea during the 

IW growth. The estimated non-sea-salt component of SO42− (nssSO42−) enrichment of the 

Late Pleistocene IW is most likely associated with mineral leaching of deposits under con-

tinental conditions of sea regression. Remarkably, higher DOC concentrations in the Late 

Pleistocene IW may indicate more favorable vegetation conditions despite the lowest win-

ter temperatures during the proposed ice wedge growth or lower degree of organic matter 

mineralization. Low DOC concentrations in the Holocene IWs and TGI are associated with 

limited carbon inputs or higher loss of organic matter through mineralization. 

CH4 mixing ratios in ice wedges are much higher than the atmospheric value, mainly 

suggesting microbial methane production prior to their occlusion in IWs or under cryo-

genic conditions within the ice body. Our data may indicate various environments of the 

methane cycle in the ice wedges of Faddeevsky, which are linked either to methane oxi-

dation/fractionation in the Late Pleistocene IW or to methane generation/enrichment in 

some Holocene IWs. In comparison with our data from the Yamal Peninsula, we observe 

a lower degree of organic matter mineralization in more severe climate conditions of Ko-

telny Island. 
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In this study we attempted for the first time in paleoenvironmental research to use 

the variations in the ground ice fluorescent DOM composition to find changes in paleocli-

mate conditions which critically affected the features of the source water. Thus, each PAR-

AFAC component (P1, P2, P3, P4) might represent a specific pool of DOM assigned to its 

biogenic producer or to a secondary process caused by initial DOM transformation before 

being incorporated into the ground ice. All the deconvoluted fluorophores exhibited spec-

tral characteristics similar to those described in previous studies [54–56], supporting the 

existence of the common sources of DOM across latitudes. The enrichment of the P4 com-

ponent, relevant to strictly autochthonous DOM in TGI, as well as high content of NH4+ 

and DIN in TGI samples, may be a feature of epigenetic freezing, conserving the environ-

ment with abundant microbial life with unrestricted nutrient availability. The humic com-

ponent P2 was correlated with both DOC content and ions of the terrestrial group (Mg2+, 

Ca2+, K+), indicating the predominantly terrestrial origin of DOC. The resulting distribu-

tion pattern of the P2–P3 ratio clearly illustrated that the DOM signatures tracked the var-

iability in both paleoclimate conditions of the IW formation (discriminating Holocene and 

Pleistocene IWs) and types of ground ice (IW and TGI). This indicates the high potential 

of fluorescent DOM composition for tracking the paleoenvironmental conditions of 

ground ice formation. 

In conclusion, the obtained results have refined the paleoenvironmental conditions 

of the Faddeevsky Peninsula in the Late Pleistocene–Holocene and, furthermore, can be 

applied in the differentiation of a carbon pool into fractions with different behavior in 

ecosystems, which is especially relevant considering the permafrost degradation in the 

Arctic. 
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