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Abstract: Global warming in high latitudes causes destabilization of vulnerable permafrost deposits
followed by massive thaw-release of organic carbon. Permafrost-derived carbon may be buried in
the nearshore sediments, transported towards the deeper basins or degraded into the greenhouse
gases, potentially initiating a positive feedback to climate change. In the present study, we aim to
identify the sources, distribution and degradation state of organic matter (OM) stored in the surface
sediments of the Laptev Sea (LS), which receives a large input of terrestrial carbon from both Lena
River discharge and intense coastal erosion. We applied a suite of geochemical indicators including
the Rock Eval parameters, traditionally used for the matured OM characterization, and terrestrial
lipid biomarkers. In addition, we analyzed a comprehensive grain size data in order to assess
hydrodynamic sedimentation regime across the LS shelf. Rock-Eval (RE) data characterize LS
sedimentary OM with generally low hydrogen index (100-200 mg HC/g TOC) and oxygen index
(200 and 300 CO2/g TOC) both increasing off to the continental slope. According to Tpeak values,
there is a clear regional distinction between two groups (369-401 °C for the inner and mid shelf;
451-464 °C for the outer shelf). We suggest that permafrost-derived OM is traced across the shallow
and mid depths with high Tpeak and slightly elevated HI values if compared to other Arctic continental
margins. Molecular-based degradation indicators show a trend to more degraded terrestrial OC with
increasing distance from the coast corroborating with RE results. However, we observed much less
variation of the degradation markers down to the deeper sampling horizons, which supports the
notion that the most active OM degradation in LS land-shelf system takes part during the cross-shelf
transport, not while getting buried deeper.

Keywords: organic carbon; biomarkers; Rock-Eval pyrolysis; grain size; permafrost; surface
sediments; Laptev Sea

1. Introduction

The interactions between climate and global carbon cycle in the Arctic region are undergoing
substantial changes due to degradation of the vulnerable permafrost carbon pool. Arctic permafrost
region holds the large pool of soil organic carbon (1300 PgC) including 800 PgC as perennially frozen [1],
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meanwhile carbon stocks in subsea permafrost are estimated at around 1400 PgC [2,3]. This permafrost
pool destabilization followed by a massive thaw-release of organic carbon triggers many complex
biogeochemical mechanisms including intensive mobilization and increasing supply of terrigenous
organic carbon (OC) due to coastal erosion and riverine runoff to the coastal ocean [3- 6]. First studies
of biogeochemical consequences of coastal erosion in the Arctic ocean were initiated in the 1990s
by discovery of anomalous high values of carbon dioxide (CO:2) in terms of CO:2 partial pressure,
pCO2 [7,8]. It has been found that rapid oxidation of eroded carbon is the main reason for CO2
evasion and extreme acidification in the Arctic seas [9,10]. Therefore, the fate of terrigenous OC
after it is translocated to the Arctic Ocean has been the subject of growing scientific interest in recent
years [11- 13].

The East Siberian Arctic shelf (ESAS), the world's largest continental shelf, receives substantial
input of terrigenous OC both through enhancing discharge of Great Russian Rivers, which drain the
vast Siberian permafrost areas, and from intensive erosion of coastal organic-rich Pleistocene-age
permafrost (Yedoma). Previous studies on this region have demonstrated that different sources and
contrasting composition of terrigenous OC may affect its transportation, accumulation and degradation
patterns. These patterns were traced both for particulate OC and sedimentary OC by a suite of
biogeochemical parameters, including molecular markers composition, isotopic fingerprints (A14C,
613C) [3,12,14- 18] and sedimentological characteristics [14,19,20].

An additional informative geochemical method, Rock-Eval (RE) pyrolysis, was traditionally used
in petroleum geochemistry to assess the hydrocarbon potential of the source rocks at the exploration
stage [21- 26]. In the recent decades, this method has been increasingly applied to study recent organic
matter stored in freshwater and marine surface sediments, peat and soils [27- 34]. These studies
showed that RE results may significantly contribute to identification of the OM sources, distribution
and degradation state. Along with widely used molecular and isotopic proxies, RE data complement
and extend geochemical interpretation of the OM nature. However, there is a lack of RE studies
performed for the modern OM across the Arctic seas. Thus, Hare and coauthors performed an
extensive investigation of recent sediment cores from the Hudson Bay and demonstrated an ability
of RE parameters to provide an indication of the OM preservation/degradation state and resolve its
biogeochemical nature [28]. RE results obtained for the Arctic seas sediments were also reported
in [35-38] and several other studies. Along with other geochemical tools RE pyrolysis was also
applied by [39,40] in order to assess past microbial activity and quality of coastal permafrost OM from
different depositional ages with regard to its biodegradability and greenhouse gas production from
thawing deposits.

In this study, we investigate the sources and distribution of the OM accumulated in the surface
sediments across the Laptev Sea shelf from the coastal zone to the offshore areas. We characterized the
sediments using RE indicators along with traditional molecular markers (n-alkanes; n-alkanoic acids).
Besides, we provide a detailed grain size composition of sediments to characterize hydrodynamic
regimes acting across the Laptev Sea (LS) margin.

2. Materials and Methods

2.1. Study Area

The LS, the shallowest sea in the Arctic Ocean, covers almost 500,000 km2 and is characterized by
a mean depth of less than 50 m [41]. The main part of OC for the LS originates from terrestrial sources
comprising river discharge and a coastal erosion input while marine production is generally low due
to low light and nutrient limited conditions [36,42]. The destabilization of Pleistocene Ice Complex
deposits (ICD) is believed to be a major contributor to the OC pool along the Siberian coastline [3] and
to the LS waters [43]. The Lena River is the main contributor of dissolved OM, while the main portion
of suspended riverine OM is settled down in the river-sea mixing zone [44].
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The drained watershed of Lena River is about 2.46 X 106 km2, where 90% is underlain by
continuous and discontinuous permafrost [45].

Sediment transport mechanisms are heavily affected by seasonal factors. Ice cover lasting 8-9 moths
per year blocks wind-forced water mass mixing and, thereby, eliminates sediment resuspension and
suppresses sedimentation processes within the land-sea system. Eventually, this environment not only
forms a gently dipping underwater plain but also promotes accumulation of fine-grained sediments,
atypical for shallow coastal areas [46]. Sedimentation in short ice-free period is strongly influenced by
wind and wave action and characterized by increasing river discharge. During and shortly after the
river-ice breakup (June-early July) sediment plume intrudes into the eastern shelf within the surface
layer beneath the fast ice, then sinks into the bottom nepheloid layer on the mid-shelf and goes back to
the inner shelf where it could ultimately be incorporated into newly formed ice and transferred with
the ice into outer shelf and further [47]. Wave-driven sediments mobilization generally refers to the
polynya where fine-grained bottom material is being resuspended during turbulence and transported
offshore [48,49].

2.2. Sampling

Sampling area covers a representative transect from close to the Lena delta to the continental
slope of the Laptev Sea with different water depths ranging from 14.5 along the coastline (station 6005)
to 375 m on the outer shelf (station 6527; Figure 1). Surface sediments were collected during complex
research expeditions onboard the R/V “Academician M. V. Keldysh" in September-October 2018-2019.
The samples were taken at 21 stations with a box-corer. Once recovered, samples were subsampled
and sectioned into 0-2 cm, 2-5 cm and 5-10 cm intervals within the upper 10 cm of the sediment cores
with sediments from individual horizons placed in sealed containers and stored frozen at -18 °C until
further analyses. In the laboratory, samples were thawed for 24 h at room temperature and oven-dried
at 40 °C to constant weight. Prior to analyses, a subsample from each surface sample was homogenized.
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2.3. Analytical Methods

Grain size measurements were performed using a Shimadzu SALD-7101 laser particle size analyzer.
Analyses were performed at least five times on each sample, the mean values of each parameter were
calculated and the associated standard deviations were < 3%.

The measured particle size epectrum was presented as % -volume in a logarithmic scale,
where volume was ealculated from particle diameter, asseming spherical shapes. Results were
recalculated to fractivns of clay (<2 Jvm), fine silt (12-10 |sm), sortable silt (10-63 pm) and sand (>63 pm).
We calculated mean grain size (Mz),standard deviation (cr), ekewness (Sk) find kurtosis (KG) as
described in [50]. Considering its ststistical veliabihty, we afso used median grain size (Mid) to describe
particle size distribution properly.

Pyrolytic analyses were performed on a Rock-Eval 6 Turbo (Vinci Technologies) at the Arctic
Carbon Laboratory, Tomsk polytechnic university, according (o the pyrolysis program for the; recent
OM analysis proposed by [51]. Rock-Evcl (RE) pyrolysis is a two-sfep peocess combining pyrolysis in
an oxygen-free atmosphere and combustioR under oxk conditions. The procedure started at 18c °C
with a heating; rvte of 25 °C/min to release S1 fraction (mg HCCg) representing volatile compounds.
This phase was followed by bleating until 650 °C to yieM S2 fraction (mg HC/g) largely indk ating a
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breakdown of complex molecules [52]. The released hydrocarbons were measured by a flame ionization
detector. The amounts of CO and CO?2 representing the S3CO (mg CO/g) and S3 (mg CO2/g) peaks,
respectively, were measured continuously by an infrared detector during a pyrolysis step. The sample
was then combusted in an oxidation chamber heating to 850 °C with a heating rate of 20 °C/min.
This additional oxidation step produced residual organic carbon (RC) and inorganic carbon (MinC)
values (in wt %). The total organic carbon content was calculated as a sum of pyrolyzed and residual
fractions. Hydrogen index (HI) and oxygen index (Ol) are determined from the ratios of S2/TOC
and S3/TOC, respectively. Surface sediments were analyzed for lipid biomarkers as described earlier
in [6]. Briefly, homogenized sediments were extracted in dichloromethane:methanol (DCM:MeOH
2:1 v/v) using the Soxhlet apparatus for 24 h. Total lipid extracts (TLE) were concentrated to 2 mL using
rotary evaporation and purified by adding activated copper for sulfur removal and anhydrous Na2SO4
for water removal. TLE were separated into hydrocarbon, polar and acid fractions using Bond-Elut
column chromatography. We also conducted a series of blank experiments to identify and account for
contaminants. In this study, we only reported data for n-alkanes and n-alkanoic acids. Quantification
and recoveries were controlled with commercially available internal standards (D50-tetracosane and
D39-eicosanoic acid).

All fractions were analyzed separately by chromatography-mass spectrometry (GC-MS) on a
Agilent 7890B (GC)—Agilent Q-TOF 7200 (MS) instrument using HP-1MS quartz capillary column
(length 30 m, internal diameter 0.25 mm and film thickness 0.25 pm) with secondary ionization in
the collision cell with nitrogen as a collision gas at a collision energy of 10 eV. A temperature profile
was initially started at 40 °C followed by a ramp of 5 °C min-1 until reaching 150 °C and then by a
ramp of 3 °C min-1 until reaching and holding at 310 °C for 20 min. Carrier gas (helium) speed was
1.1 mL/min and injection volume was 1 pL. Measurements were carried out both in scan (m/z range
50-500) and selected ion monitoring (SIM) modes at 70 eV. Components identification was performed
using NIST 14 library and with a detailed study of the mass spectra of fragment and molecular ions
using previously published data.

3. Results and Discussion

3.1. Grain Size Distribution along the Studied Profile

Table 1 provides the detailed grain-size characteristics of the Laptev Sea surface sediments.
Overall, the sediments along the studied profile were predominantly composed of sortable (20.2-67.6%,
average 48.0%) and fine silt (11-41.1%, average 28.8%) with certain proportions of the clay (9.1-39.9%,
average 18.3%) and sand (0-51.8%, average 5.0%) fractions. The skewness range, kurtosis values and
sorting coefficient were -0.59-0.53, 0.71-1.937 and 3.05-14.18 with average values of -0.3, 1.3 and
4.8, respectively.
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125.83

125.47

129.14

127.81

120.66

Depth,

m

Table 1. Grain size characteristics.

Sand
(>63 nm)

51.8

0.0

0.1

0.1

0.0

0.1

0.0

0.0

0.0

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.4

0.0

0.2

0.0

Grain Size Classes. %

Sortable Silt
(63-10 M)

28.1

66.3

48.1

Fine Silt
(10-2 M)

11.0

24.5

31.7
33.6

32.0

30.9
31.8

39.8

Clay
(<2 Mm)

9.1

9.2

16.0

13.6

121

15.5

16.0

31.3

12.3

18.5

15.5

11.8

15.2

39.9

13.4

14.6

13.7

13.2

Md, Mma

99.69

11.11

8.527

11.28

9.418

8.254

7.368

11.68

9.638

10.25

8.647

4.819

267.1

210.8

8.738

8.794

9.084

9.175

6.826
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5678

5.650

4.75

9.198

5.693

12.33

7.312

9.540

3.441

14.42

6.853

12.10

9.932

5.313

10.52

6.52

Grain Size Parameters

Mz. Mma

52.84

10.02

7.849

10.01

8.297

7.006

6.987

10.118

8.119

8.800

6.294

2.758

299.6

213.6

7.602

6.876

7.590

8.222

5.871

6.998

3.469

2.865

2.494

9.491

4.650

9.514

6.769

7.782

2.014

14.57

6.305

12.76

11.08

4.049

11.64

5.96

0.273

Kgc

0

1
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515
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677

521

443

937
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579

147

032
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706

858

251
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397

340

815

280

392

352

036

709

985

230

3.

3

1

4

3

4

5

1

5

4

od

817

143

052
608
214

993

908
487
489
395
175
443
416
564
110
509
099
818
486
322
412
906
312
595
2.08
768
.455
.840
012
4.18
.097

.093

6 of 21

aMd—median grain size; Mz—mean grain size; b Sk—skewness; ¢ Kg—kurtosis; d a—standard deviation. Basic grain size characteristics without calculated statistics for the horizon

0-2 cm have been reported earlier in [53].
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Particle size distribution and grain size statistics are in line with previously published data from
the Laptev Sea shelf [46,54,55]. In the present study, we observe overall prevailing of fine-grained
(<63 pm) surface sediments that can be explained by stable subglacial sedimentation environment, i.e.,
gravitational settling of suspended particles beyond the reach of any wave action. We also observed two
samples from the mid-shelf (stations 6014 and 6015; sampling horizon 0-2 cm) with 100% sand content;
these specific data were not included in the statistics calculated for this study. The outer shelf sediments
also contain slightly elevated average sand fraction indicating an active hydrodynamic factors.

Our findings point to several external factors that may explain local accumulation of very
poorly sorted coarse-grained surface sediments on the mid and outer shelves. Firstly, Shakhova and
coauthors [56,57] have documented numerous gas flows at these depths escaping from the seafloor
as bubble streams and presumably removing the fine-grained fraction from the surface deposits.
Secondly, geophysical observations have repeatedly detected the ice scours both in the coastal zone,
and on the outer part of ESAS [58- 61]. Age of these scours is still under debate [62,63]. Jakobsson and
coauthors provide evidence of a kilometer-thick ice shelf covering the entire central Arctic Ocean and
extending up to present-day New Siberian Islands during the glacial maximum (Marine Isotope Stage
6,140 ka BP) [62]. Moreover, another study reported on a glacially excavated trough discovered on
the ESAS (De Long Trough), which is also dated to Marine Isotope Stage 6 [64]. However, it seems
reasonable to assume the modern exaration processes considering the sedimentation rates (from 0.12 to
1.3 mm year-1) estimated for this region in previous studies [11,65]. Recent ice scouring may explain
the freshly exposed coarse-grained sediments, not yet overlain or thinly covered with fine-grained
deposits. Nevertheless, modern ice-scouring process can hardly affect the outer shelf sediments at
>200 m depth. Furthermore, coarse-grained sediments can be exported from eroding Siberian Yedoma
Ice Complex coastlines [66- 68] or rather transported via lateral brine injections produced by bottom
dense-water eddies [69].

3.2. Sedimentary OM Composition on the Bulk Levelfrom RE Pyrolysis

TOC concentrations decreased with increasing distance from the coastline with the highest values
(>2.5%) at shallow coastal areas and lowest values on the outer shelf (0.5%; Table 2). TOC values were
in accordance with the data reported by previous researchers [11,55,58,65]. Pyrolyzable carbon (PC)
composed from 20 to 30% of the TOC (r2 = 0.82). The most thermo-labile fractions of PC (S1 and S2)
were strongly correlated (r2 = 0.72) with S2 values on average 4 times higher than S1. S3 was highly
correlated with S2 (r2 = 0.83) and weakly correlated with S1 (r2 ~ 0.4).
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Table 2. Rock-Eval parameters of the Laptev Sea (LS) surface sediments.

Station Sﬁ‘;!:;i‘;g Tpeak, °C* mggé;r’ oc mggé;r’ oc  me csci];’r oc  PCS% RCS,%  TOCS, %  HId o1¢  MinC<, %
02 461 037 178 3.0 028 114 142 125 213 02
6005 25 461 038 152 274 026 113 139 109 197 023
02 462 0.65 2.92 5.74 0.5 221 2.71 108 212 0.4
6006 25 463 0.8 3.35 48 0.52 2.04 2.56 131 188 031
02 462 073 2.74 532 0.64 201 2.65 103 201 04
6007 25 463 0.84 29 477 049 196 245 118 195 034
02 462 071 2.61 482 048 179 227 115 212 03
6008 25 464 0.65 24 447 041 175 2.16 111 207 036
02 461 053 1.98 3.84 035 158 1.93 103 199 03
6009 25 462 053 2.06 3.88 035 154 1.89 109 205 033
02 464 028 112 192 021 074 0.95 118 202 02
6013 25 460 026 0.82 1.83 0.15 0.62 0.77 106 238 0.15
6014 02 492 032 0.31 0.07 0.06 0.02 0.08 388 88 0.07
6015 02 468 043 0.47 025 0.09 0.05 0.14 336 179 0.04
02 459 039 152 338 037 101 138 110 245 02
6016 25 457 037 12 226 022 0.97 1.19 101 190 023
02 386 0.17 101 198 0.17 047 0.64 158 309 02
6027 25 a75 031 112 127 0.17 043 06 187 212 0.13
02 380 033 122 1.86 02 0.59 0.79 154 235 02
6045 25 a7 027 0.49 203 0.13 0.56 0.69 71 294 05
02 390 034 152 332 028 0.98 126 121 263 02
6053 25 384 048 15 226 026 0.95 121 124 187 0.18

8of 21
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Table 2. Cont.
Station SS?r?ZI:;g Tpeak, °C a mgl—?é/b'i'oc mgl—?(f/b"l'oc mgcgjz%oc PCe % RCc%  TOCc%  Hid  Old  MinCc %
0-2 380 0.19 1 175 0.16 0.54 0.7 143 250 0.2
6056 2-5 372 0.16 0.86 148 0.14 05 0.64 134 231 0.14
0-2 369 0.11 0.87 13 0.13 0.35 0.48 181 271 0.1
6058 2-5 383 0.26 101 149 0.16 0.58 0.74 136 201 0.14
0-2 380 0.11 0.67 118 0.11 0.29 0.4 168 295 0.1
6065 2-5 374 0.16 0.75 1.07 0.12 0.39 051 147 210 0.12
0-2 401 0.19 0.92 2 0.16 0.53 0.69 133 290 0.2
6068 2-5 401 0.19 0.92 2 0.16 0.53 0.69 133 290 0.15
0-5 462 0.63 2.92 5.74 05 2.21 271 108 212 0.38
6490 5-10 458 136 3.49 438 0.57 183 2.4 145 183 0.31
6491 0-5 462 0.75 2.8 4.79 0.47 2.05 252 111 190 0.29
0-5 396 0.61 149 2.41 0.36 0.91 1.27 117 190 0.2
6505 5-10 387 0.8 157 181 0.26 0.81 1.07 147 169 0.19
6521 0-5 374 101 181 156 0.28 0.4 0.68 266 229 0.11
6527 0-5 379 0.46 142 2.48 0.25 0.76 101 141 246 0.17

a Tpeak—the temperature of peak S2 yield. b S1—S1 carbon peak including free hydrocarbons and low molecular weight OM, mg HC/g; S2—S2 carbon peak including hydrogen rich OM,
mg HC/g; S3—S3 carbon peak including oxygen-containing OM, mg CO2/g. c PC—pyrolyzable carbon; RC—residual carbon; MinC—mineral carbon; TOC—Total organic carbon All units
are calculated in wt%. d HI—Hydrogen Index; Ol—Oxygen Index. RE parameters for the horizon 0-2 cm have been reported earlier in [53]. Samples 6014 and 6015 are not included in the
reported RE statistics because of their potential erroneous calculations (due to extremely low TOC values).
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HI values generally were within the range of 100-200 mg HC/g TOC with only one sample
exceeding 250 mg HC/g TOC. We excluded samples 6014 and 6015 with extremely low TOC values,
which might result in incorrect RE determination. Ol values fell between 200 and 300 CO2g TOC
(Figure 2). As mentioned earlier, Ol corresponds to the S3 peak (quantity of CO2 relative to TOC),
which is likely to increase during degradation/cxidation processes [31,52]. Thg relationship» between
HI and Ol presented as a Van Krevelen-type diagram has been widely used to distinguish between
organic matter sources. HIl and Ol plotted on this diagram showed that almost all values fell within
the limited area indicating that the modern OM stored in the surface sediments had relatively low
proportion of hydrocarbona and a higher content of oxygen-containing; compounds. This points to the
similar OM nature for the modernsedimente as for Type Il (planktonic) and Type Il (humic) kerogen
in ancient sediments.

Figure 2. Van Krevelen-type diagram of surface sediments in LS. Each symbol represents one horizon
of the sediment core indicated in the legend. Curved lines I, Il and lll represent kerogen types
for the ancient sediments andmatured OM (algal/sapropelic, planktonic and humic, respectively).
Dashed line represents HI = 100. Bold dashed line represents HIZ/OI = 1. Blue rhombs, red squares,
green triangles and lilac crosses represent different sediment sampling horizons: 0-2 ¢cm, 2-5 cm, 0-5 cm
and 5-10 ceri respectively.

"The generally low HI and HI/OI values across the LS sediments suggest a high degree of OM
degradation and/or significant contribution from terrestrial OM sources [28,31]. For ihe outer shelf
sediments, tine HI/OI ratios were slightly higher (but still not exceeding 1.1]). These results indicate a
generally highly degraded sedimentary OM with growing gontribution of fresher and/or more marine
OM with increasing distance from the coastline. Overall, our data agree with previous findings for the
LS surfaee sediments reported in [36] where HI/OI valurs fell within a range of 0.5-1. Similar values
were also observed for ti/e sediment cores of the Hudson bay [28].

Neither HI nor Ol correlated with the sampling depth (Supplementary Materials Figure S1),
we divided the samples into two groups based on the distance from the/ soasSline. Inner and mid-shelf
sediments (stations 6005-6016,6490-6491 and 6505) had relatively low HI (<130 mg HC/g TOC, average
115 mg HC/g) and Ol (<245 CO2/g TOC, average 202 CO2/g TOC). Meanwhile, the majority of the
outer shelf sediments (stations 6027-6527) was characterized by elevated HI and Ol ratios (average
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150 mg HC/g TOC and 243 CO2/g TOC, respectively; Figure 3a-d). Previous studies of the Arctic and
subarctic shelf seas sediments reported HI values higher than 100 mg HC/g TOC to be found almost
exclusively in the offshore areas. Thus, a threshold of 100 mg HC/g TOC has been proposed as a shift
from terrigenous to marine OM sources [28,36,70]. Slightly higher HI distinction (130 mgr HC/g "TOC)
between primary marine and terresSrial sources observed for tire; studied sediments moy tee attributed
to the portion of remobilized old terrestrial OM produced during; the short vegetative seasons and
preserved with little degradationin tire "deep» freezer" of the Eastern Arrctic [4,71]. Previous studies
showed that high ITI values detected in Early Holocene and Late Pleistocene (Yedoma) permafrost
deposits might correspond to a higher aliphatic character oi dae OM and therefore to indicate a better
quality of OM in respect to active microbial degradation [39].
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Figure 3. Distribution of Rock-Eval parameters for LS surface sediments: HI (a,b); Ol (c,d) and Tpesak °C
(e,f). Figure 3a,c,e show values for tire uppermost sampling horizon 0-2 cm (for stations 6490, 6491.,
6505, 6521 and 6527—0-5 cm); Figure 3b,d,f show values for the underlying sampling horizon 2-5 cm

(for stations; 6490 and 6505—5-10 cm).

No obvious correlations were observed for the HI and Ol values and particle stze of the sediments.
We showed a weak positive correfation between HI, Ol and the fraction of clay-sized particles (less than
2 pm in diameter) for only the uppermost sediment layer (0-2 cm), -which also could not be interpreted
ass a strong linear relationship (Figure 4). Thus, in contrast with previous findings, our rasults did
not provides any evidence on neithes spetial protection of the mineral-bound OM [28,72- 74] nor OM
exposition to oxidation during repeated recuspension of the fine particles [28].

Figure 4. The relationship between HI and Ol and the clay-sized fraction in LS surface sediments.
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Tpeak values varied from 369 to 464 °C across all sediments but were predominantly clustered in
two major groups ranging from 369 to 401 °C and from 451 to 464 °C, neither of which was linearly
related to HI or Ol (Figure S2). The low Tpeak group demonstrated a rather homogenous distribution
of the full range of Ol values and slightly higher HI ratios compared to the high Tpeak group. Generally
Tpeak measurements represent the thermal stability of OM compounds indicating its potential source.
The high Tpeak results are typical for decomposition of immature humic substances (420-470 °C),
which were detected for organo-mineral soil horizons by [75]. Nevertheless, some regional contrasts for
the ESAS permafrost carbon pools should be addressed. In particular, the extensive East Siberian Arctic
coastline is dominated by Pleistocene ice complex deposits. As estimated by [3], carbon remobilized
from the ice complex deposit constitutes 36-76% of the sedimentary organic carbon across the shelf,
despite its mostly coastal supply, while carbon released from the topsoil permafrost contributes only
from 35% to 5% with increasing distance from the land. It has been shown that, in contrast to most
thawed mineral soils, relict soils of the ice complex generally contain little of the humus and have high
carbon concentration [76]. Nevertheless, we still observe high Tpeak values across the shallow and
mid shelf areas (Figure 3e,f). These values together with elevated HI terrestrial vs. marine threshold
(130 mg HC/g TOC) point to contribution of different permafrost-carbon sources arising from both
the seasonally thawing active layer and Pleistocene ice rich deposits. This is in good agreement with
findings of [3] on the permafrost-derived carbon distribution across the shelf sediments.

The shift from high Tpeak values near the coastlines to low Tpeak range on the outer shelf reflects
an increasing contribution of labile autochthonous compounds and shorter hydrocarbon chains.
Low temperatures are typical for more recent organic matter reflecting the thermal breakdown of
biological constituents such as polysaccharides and lignin and/or cellulose [75] or high deoxy sugar
content associated with active microbial degradation in fine particulate OM as proposed by [31,77].
The abundances of lignin phenol proxies across the East Siberian Arctic shelf have been widely
investigated by previous researchers [11- 13,78,79]. As reported in [11], lignin concentrations along the
Laptev Sea transect decreased by more than 2 orders of magnitude with increasing distance from the
coast. Thus, the low Tpeak results hardly represent lignin compounds but most likely reflect a higher
concentration of deoxy sugars derived from bacteria or plankton [80,81]. This hypothesis is supported
by overall high clay and fine silt content across the outer shelf except the "coarse-grained" zones
mentioned earlier. Moreover, the low Tpeak values together with the elevated Ol ratios detected on
the outer shelf may indicate a significant contribution of short-chained hydrocarbons, which become
oxygenated during microbial activity [28,82].

3.3. Sedimantary OM Composition on the Molecular Level

High molecular weight (HMW,; >C21) n-alkanes and n-alkanoic acids are derived from terrestrial
higher plant waxes [83] producing a molecular signal of terrestrial contribution while low molecular
weight (LMW, <Cxs) lipids were used as tracers of algal-derived OM.

Concentrations of both HMW n-alkanes and HMW n-alkanoic acids in surface sediments decreased
significantly from the shallow depths to the outer shelf ranging from 4.1 to 0.1 mg g-1 OC for the
HMW n-alkanes and from 4.6 to 0.1 mg g-1 OC for the HMW n-acids (Table 3). The results were
similar to the concentrations reported in [11,13,84] for the same study area. A strong terrestrial signal
of HMW to LMW n-alkanes ratio was traced along the studied transect within a range of 2.7-77.7,
which corroborates with previous results reported for the Buor-Khaya Bay [6,13]. These findings
revealed a dominating input of the terrestrial source to sedimentary OM not only near the Lena River
mouth but also off to the deeper basins.
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Table 3. Molecular markers of the LS surface sediments.
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16.27
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14 of 21

a Tpeak—the temperature of peak S2 yield. b S1—S1 carbon peak including free hydrocarbons and low molecular weight OM, mg HC/g; S2—S2 carbon peak including hydrogen rich OM,
mg HC/g; S3—S3 carbon peak including oxygen-containing OM, mg CO2/g. c PC—pyrolizable carbon; RC—residual carbon; MinC—mineral carbon; TOC—Total organic carbon All units

are calculated in wt%. d HI—Hydrogen Index; Ol—Oxygen Index. e Parameters for the horizon 0-2 cm have been reported earlier in [53].
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We calculated a suite of widely used molecular ratios in order to provide an additional insight
into the relative contribution of terrestrial OM sources in marine sediments and its degradation
state [6,13,36,85]. High values (>5) of the carbon preference index (CPI) are typically attributed to fresh
and more labile OM, and this ratio decreases toward 1 during ongoing degradation [86,87]. For the
studied sediments, CPI values vary from 10 to 1.56 decreasing off to the continental slope (Figure 5a),
which is comparable with previous CPI values reported for ESAS sediments [6,13]. A significant
increase of CPI is observed for deeper sampling horizons (0-2 cm vs. 2-5 cm; 0-5 cm vs. 5-10 cm
for the stations 6490 and 6505) indicating less degraded material stored in deeper layers (Figure 5b).
Moreover, HMW n-alkane CPI ratios are correlated with S2 parameter indicating a proportion of
hydrogen-rich OM and aliphatic OM chaeacter, more susceptible to degradation and preferable for
greenhouse gas generating microorganiams (Figure S3) [T9,88]. Odd-over-even predominance (OEP)
usually decreasing with degradation showed the same values range (from 10.24 to 1.12) and, similar to
CPI, considerably increaeing with sediment sampling depth. Terrigenous-to-aquatic ratio (TAR) ranged
from 1to 65 decreasing both off to the outer shelf and to the deeper layers. For most 2-5 cm sampling
horizons, TAR drastically declined by an order of magnitude if compared to the uppermost layer.

Decreasing HMW n-alkanoic acid/n-alkane ratio (Table 1) reflected the loss of the carboxyl group
with ongoing degradation, which made it a well-used indicator of terrestriaf OM degradation state.
HMW n-alkanoic acid/n-alkane ratios varied between 0.27 and 6.99 (Figure Tc) similarly to those
reported in [fC] for the Buor-Khaya Bay located near tire Lena delta. Similar to (other maleeular proxies
the acid/alkace ratio span a large range of degradation states indicating both a significant contribution
cf recent OM in shallow and mid shelf areas and much mare degraded terrestrial matter on the
outer shelf. Nevertheless, we did not observe any expected correlations between the sampling layer(
(Figure td). This may be attributed to -tine different local contributions of degraded OM aver the last
decades across the cantinental margin. Similarly, Broder et al. [11] reported an increasing trend o(
HMW acidsTalkanes ratio with increasing depth (down to 30-40 cm) throughout the seeiment core
taken from the East Siberian Sea coastal zone and an opposite trend for the core from the outer shelf.
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Q] (d
Figure 5. Distribution of molecular ratios for LS surface sediments: high molecular weight (HMW)
n-alkanes carbon preference index (CPI; a,b); HMW n-alkanoic acids/HMW n-alkanes (c,d). Figure 5a,c
show values for tire uppermost sampling horizon 0-2 cm (for stations 6490, 6491, 6505, (5521 and
6527-0-5 cm); Figure 5b,d show "values for tire underlying sampling horizon 2-5 cm (for stations (6490
and 6505—5-10 cm).

4. Conslusions

A combined geochemical investigation of recent sedimentary OM stored inthe LS surface sediments
was performed using both the RE pyrolysis data and traditional molecular proxies along with bulk
gsain-size characteristics. We observed the overall accumulation of the fine-grained (<63 pm) surface
sediments controlled by stabile subglacial sedimentation environment. Coarse-grained sediments areas
detected on the mid and outer shelf might bg a result of several external hydrodynamic factors including
exaration processes, gas venting or brine injections. Meanwhile, highly degraded sedimentary OM
seemed to Hedominating OM fraction across the entire studied profile with somelgrowsng portion
of fresher and/or more marine OM on the outer shelf, which was confirmed by HI/OI values and
molecular ratios. In contrast to previous RE reports, a slightly elevated HI of 130 mg HC/g TOC
was proposed as a threshold indicating a shift from terrigenous to marine OM sources for the LS
shelf. A cleab distinction between highly degraded and fresher OM was observed for the Tpesk values
ranging wilhin two major groups from 369 to 01 0C and from 451 to 464 OC for the outer sh-If and for
the shallow and mid shel2, respectively. These values togsth-r are supposed to represent terrestrial
permafrost-carbon poolr exporting faom both the ssasonally thawing active layer and Pleiatocene ice
rich deposits. These result- corroborate with ihe interpretation ol molecular markers (n-alkanes and
n-alkanoic acids), which trace an intensive degradation along- the coastline-outer shell profile. However,
a contrasting trend is observed -or the different sampling horizon indicrting a much less dagrrded
material stored in detper layers. This confirms the notion reporttd by previous researchers that the
most active degradation takes part during; the cross-shelf transport, not while getting buried deeper.

Generally, RE may provide a useful characterization of the OM distribution, sources and
degradation state acrobs the LSl that may Ive successfully applied along with traditional geochemical
tracers in order to contribute to understanding of the Arctic biogeochemical regimes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3511/51,
Figure S1: Hydrogen Index (a) and Oxygen Index (b) vs. Water depth, m for LS surface sediments, Figure S2:
Hydrogen Index (a) and Oxygen Index (b) vs. Tpeak, 0C for LS surface sediments, Figure S3: S2, mgHC/TOC vs.
HMW n-alkanes CPI for LS surface sediments.
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