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Abstract Ongoing permafrost thaw in the Arctic may remobilize large amounts of old organic matter.
Upon transport to the Siberian shelf seas, this material may be degraded and released to the atmosphere,
exported off-shelf, or buried in the sediments. While our understanding of the fate of permafrost-derived
organic matter in shelf waters is improving, poor constraints remain regarding degradation in sediments.
Here we use an extensive data set of organic carbon concentrations and isotopes (n = 109) to inventory
terrigenous organic carbon (terrOC) in surficial sediments of the Laptev and East Siberian Seas (LS + ESS).
Of these ~2.7 Tg terrOC about 55% appear resistant to degradation on a millennial timescale. A first-order
degradation rate constant of 1.5 kyr ™ is derived by combining a previously established relationship
between water depth and cross-shelf sediment-terrOC transport time with mineral-associated terrOC
loadings. This yields a terrOC degradation flux of ~1.7 Gg/year from surficial sediments during cross-shelf
transport, which is orders of magnitude lower than earlier estimates for degradation fluxes of dissolved
and particulate terrOC in the water column of the LS + ESS. The difference is mainly due to the low
degradation rate constant of sedimentary terrOC, likely caused by a combination of factors: (i) the lower
availability of oxygen in the sediments compared to fully oxygenated waters, (ii) the stabilizing role of
terrOC-mineral associations, and (iii) the higher proportion of material that is intrinsically recalcitrant due
to its chemical/molecular structure in sediments. Sequestration of permafrost-released terrOC in shelf
sediments may thereby attenuate the otherwise expected permafrost carbon-climate feedback.

Plain language summary Frozen soils in the Arctic contain large amounts of old organic matter.
With ongoing climate change this previously freeze-locked carbon storage becomes vulnerable to transport
and decay. Upon delivery to the shallow nearshore seas, it may either be directly degraded to carbon
dioxide or methane and thereby fuel further warming or get buried and stored in sediments on the sea floor.
Our understanding of the fate of carbon released from permafrost soils is increasing, yet uncertainties
remain regarding its degradation in the sediment. Here we constrain how much land-derived organic
carbon is deposited in the top layer of the sediment (the part that is prone to transport and exposed to
oxygen-stimulated degradation) in the Laptev and East Siberian Seas. We find that more than half of this
stock likely resists degradation, while the rest decays relatively slowly. Therefore, the amount of carbon
released annually from degradation in surface sediments is much smaller than what was found to be emitted
from overlying waters in earlier studies. We suspect that this difference is caused by a combination of
mechanisms hindering degradation in sediments and thus conclude that the burial of land-derived carbon
may help to dampen the climate impact of thawing permafrost.

1. Introduction

Permafrost soils at high latitudes store vast amounts of organic carbon (OC). Current estimates constrain the
soil OC content in the top 3 m of Arctic terrestrial permafrost to 1,035 + 150 Pg (Hugelius et al., 2014), which
is about half of the global soil OC reservoir. Amplified global warming for polar regions causes permafrost
thaw and thus has the potential to remobilize these freeze-locked carbon stocks (Intergovernmental Panel
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on Climate Change, 2013). The possible decomposition of this thawed organic matter to CO, or CH4 and
subsequent release to the atmosphere constitutes a positive feedback mechanism to ongoing climate warm-
ing (Schuur et al., 2015). However, not all remobilized soil OC is degraded at the place of thaw. For example,
transport through rising river discharge with augmented sediment loads (Gordeev, 2006; McClelland et al.,
2006; Savelieva et al., 2000; Syvitski, 2002) and direct input from accelerating coastal erosion (e.g., Giinther
et al., 2013) increases the delivery of permafrost-derived terrigenous OC (terrOC) to the Arctic Ocean. In the
shallow Arctic shelf seas, terrOC can then either be remineralized in the water column or in shallow sedi-
ments or be buried deeper in the sediments, with the latter being a mechanism that could attenuate the
otherwise expected carbon-climate feedback (Hilton et al., 2015; Vonk & Gustafsson, 2013).

Our current understanding of the fate of terrOC in the marine environment is lacking crucial pieces to
properly assess the magnitude of this translocated permafrost carbon-climate feedback. Earlier studies
demonstrated that terrOC degradation within the Laptev and East Siberian Sea shelves could play a
significant role in the Arctic marine carbon cycle, as the microbial oxidation of terrOC may cause elevated
CO, concentrations in the water column and consequent CO, release to the atmosphere (Anderson et al.,
2009; Semiletov et al., 2004, 2007). The carbon fluxes related to degradation of terrOC in the water column
and terrOC sequestration in sediments have been quantified in previous studies (Alling et al., 2010;
Sanchez-Garcia et al., 2011; Vonk et al., 2012). However, another vector of the larger-scale biogeochemical
cycle, the degradation in the shallow sediment reactor, has not yet been quantitatively constrained for this,
the World's largest, shelf sea system.

Earlier investigations of terrOC in Arctic margin surface sediments reported a strong decrease of terrigenous
biomarker concentrations with increasing water depth/distance from the shore for the East Siberian Arctic
Shelf (Bischoff et al., 2016; Broder, Tesi, Salvado, et al., 2016; Dogrul Selver et al., 2015; Sparkes et al., 2015,
2016; Tesi et al., 2014; Vonk et al., 2010) and parts of the North American Arctic margin (Goni et al., 2013).
The extent of terrOC degradation appears to be depending on its exposure to oxygen, which in turn is a
function of the sediment transport time (e.g., Keil et al., 2004; Mollenhauer et al., 2007). This has been
confirmed by our recent study (Broder et al., 2018), where we constrained the terrOC cross-shelf transport
time for the wide Laptev Sea shelf to be 3,600 + 300 years. By combining those results with the observed
terrOC gradients along the Laptev Sea transect, we obtained first-order degradation rate constants for
specific terrestrial biomarkers (lignin phenols, cutin acids, long-chain n-alkanes, and n-alkanoic acids), as
well as for bulk terrOC, which was determined by a dual-carbon source apportionment strategy. The
terrOC degradation rate constant for surface sediments was with 0.0022 + 0.0006 year™ " three to four orders
of magnitude smaller than degradation rate constants for the water column that had been determined
earlier: 0.3 year™" for dissolved OC (DOC; Alling et al., 2010) and 1.4 + 0.9 year ' for particulate OC
(POC; Sanchez-Garcia et al., 2011). Yet to assess the relative importance of the sedimentary reactor for
terrOC degradation, we need to quantitatively compare the carbon fluxes that emerge from degradation in
the sediment to those from the water column for the whole system rather than contrasting the different
first-order degradation rates. This study therefore focuses on (1) constraining the inventory of terrOC in
the sedimentary reactor, that is, the amount of terrOC in the mobile shallow sediments that is prone to
degradation and not yet permanently buried (not including the bottom water POC/resuspended sediment
just above the sediment-water interface or the deeper (anoxic) part of the sediments). These results will then
be used to (2) estimate the carbon flux originating from degradation in the shallow sediment reactor and (3)
quantitatively compare it to other OC fluxes for the Laptev and East Siberian Shelf Seas, such as the release
from degradation in the suspended and dissolved phases, total input from land, total release to the
atmosphere, and burial/sequestration in deeper parts of the sediment. To this end, we aim to achieve a more
complete picture of ongoing processes governing terrOC fluxes on the vast Siberian shelves.

2. Materials and Methods

2.1. Study Area

The Laptev and the East Siberian Shelf Seas (LS + ESS) are situated between the Kara Sea and Severnaya
Zemlya in the west and the Chuckchi Sea and Wrangel Island in the east. They cover an area of about

1,500,000 km? and have an average water depth of 55 m (Jakobsson et al., 2004). They make up the largest
part of the East Siberian Arctic Shelf (which also includes the Russian part of the Chuckchi Sea), the widest
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and shallowest shelf-sea system of the World. OC sources for the LS + ESS are largely terrigenous, stemming
from coastal erosion and fluvial input, with comparably low marine primary production for most parts of the
shelves due to limited light and nutrient availability (Sakshaug, 2004; Sanchez-Garcia et al., 2011; Stein &
Fahl, 2004; Vonk et al., 2012). The main fraction of OC in surface sediments originates from the destabiliza-
tion of Pleistocene ice complex deposits (ICD) along the Siberian coastline. Different estimates for POC input
from coastal erosion range between 4.0 Tg C year™* (Semiletov, 1999) and 22 Tg C year™* (Vonk et al., 2012).

Riverine input is the second largest sediment source to the LS + ESS. Discharge from the large Siberian rivers
Khatanga, Lena, Yana, Indigirka, and Kolyma (from west to east) has been approximated to add another
~1.7 Tg C year " of POC to the LS + ESS (Rachold et al., 2004). A new estimate for Lena and Kolyma
Rivers downsized their POC delivery by 30%-60%, yielding a combined flux of 0.94 Tg C year™*
(McClelland et al., 2016). The Lena River alone accounts for ~70% of the POC discharge to the LS + ESS.
Its watershed expands over 2.46 X 10° km? (Holmes et al., 2012), of which 77% are underlain by continuous
permafrost (Amon et al., 2012).

Sediment transport mechanisms across the LS + ESS include storm-induced resuspension, the incorporation
of suspended particulate matter in sea ice (Dethleff, 2005; Eicken et al., 1997), dense water formation as a
result from brine ejection during freeze-up (Dethleff, 2010; Ivanov & Golovin, 2007), and ocean currents.
The latter depend largely on the prevailing large-scale atmospheric conditions, that is, cyclonic or anticyclo-
nic summer months. During positive phases of the Arctic Oscillation, (cyclonic) northerly winds predomi-
nate and strengthen the Siberian Coastal Current. The Lena River plume is then transported along the
coast toward the East Siberian Sea. During negative phases of the Arctic Oscillation (anticyclonic) the pri-
marily southerly winds drive Lena River water masses across the shelf toward the deep part of the Arctic
Ocean (Charkin et al., 2011; Dmitrenko et al., 2008; Guay et al., 2001; Wegner et al., 2013; Weingartner
et al., 1999). Sediment transport on Arctic shelves is strongly seasonal. The highest concentrations of sus-
pended POC in the Laptev Sea are observed shortly after the spring flood, following river ice break up in
May, and during late summer due to increased river bank erosion and primary production, while sediment
transport slows down beneath the ice cover during winter (Semiletov et al., 2011; Wegner et al., 2005).

2.2. Sampling

New data for OC concentration, stable carbon isotopes (8'>C) and mineral surface area were generated for
this study. They were combined with previously published data for these parameters to yield a total database
of n = 109 sediment samples (Broder, Tesi, Salvado, et al., 2016; Broder, Tesi, Andersson, et al., 2016; Vonk
et al., 2012). These sediments were collected as part of the International Siberian Shelf Study (ISSS-08) expe-
dition on board the R/V Yacob Smirnitskyi during summer 2008 and the Swedish-Russian-U.S. Investigation
of Carbon-Climate-Cryosphere Interactions in the East Siberian Arctic Ocean (SWERUS-C3) expedition on
I/B ODEN during summer 2014. Sediment cores were sampled with a GEMAX gravity corer (two Plexiglas
tubes, 9-cm diameter) during ISSS-08 and with an Oktopus multicorer (eight Plexiglas tubes, 10-cm dia-
meter) during SWERUS-C3. During ISSS-08, some samples were also collected with a Van Veen grab sam-
pler. For the grab samples, only the uppermost ~2 cm were subsampled and used in this study. Sediment
cores were cut into 1-cm slices within 24 hr after sampling. Only data for the top 0- to 1-cm slice were used
in this study. All samples were kept frozen throughout the expedition and freeze-dried upon arrival to
Stockholm University laboratories. For exact sampling locations and references to original publications see
Table S1 in the supporting information.

2.3. Mineral Surface Area

All additional surface area (SA) analyses that are not part of previous publications (see Table S1 in the sup-
porting information) have been performed on a Micromeritics Gemini VII Surface Area and Porosity analy-
zer. The organic material was removed from freeze-dried sediment subsamples (~0.7 g) by combustion at
400 °C for 12 hr. Salt and remaining ashes were removed by repeated mixing with MilliQ water (~50 ml)
and centrifugation (20 min at 8,000 rpm), followed by further freeze-drying. Before analysis, the samples
were degassed for 2 hr at 200 °C under a constant nitrogen flow in a Micromeritics FlowPrep 060 Sample
Degas System. Prior to each analysis, the free space in the vial was measured. The specific surface areas were
then derived from six pressure point measurements (with relative pressures p/py = 0.05-0.3, equilibration
time 5 s) with nitrogen as adsorbing gas following the method of Brunauer et al. (1938). The instrumental
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error was 0.1-0.3 m?/g, which corresponds to a relative error of about 1%. The performance of the instru-
ment was monitored with the surface area reference material carbon black (21.0 & 0.75 mz/g) provided by
Micromeritics and a TiO, reference material for lower surface areas (8.23 + 0.21 mz/g).

2.4. Sediment Porosity and X-Ray Fluorescence (XRF)

Sediment core porosity was derived from gamma density measurements conducted with a Multi-Sensor Core
Logger (Geotek, UK) on board I/B ODEN during the SWERUS-C3 2014 expedition. Nine entire cores with
10-cm diameter were used for analysis (see Table S1 in the supporting information for exact locations).
Gamma rays were emitted from a **’Cs source with energies at 0.662 MeV. Measurements were recorded
with a resolution of 4 mm. The results were calibrated using a cylindrical piece of aluminum of varying
thickness surrounded by water in a sealed liner, which was identical to those used for the sediment cores.
The porosity @ (defined as the volume not occupied by sediment particles, here saturated with water
Viwater> divided by the total volume V) was calculated directly from the obtained wet bulk density data

Pbulk-

= Vwater _ Poulk —Psed o)
Vit Pwater ~Psed

with sediment density pgeq = 2.5 g/cm3 and water density pwater = 1.03 g/crn3.

Three multicores (see Table S1 in the supporting information for exact locations) were scanned at the Core
Processing Laboratory at the Department of Geological Sciences, Stockholm University, using an ITRAX
core scanner (Cox Analytical Systems, Gothenburg, Sweden). This scan provides an optical digital image,
a high-resolution X-ray digital image (supporting information Figure S1 for one representative sample),
and micro-XRF elemental profiles for the elemental range from aluminum to uranium. For the XRF scans,
a molybdenum tube (30 kV and 25 mA, dwell time 20 s) was used as a radiation source. The step size was set
at 260 um. Only lead concentrations are reported in this study (supporting information Figure S1). Acquired
X-ray images were processed with in-house written Matlab scripts (Image Toolbox, MathWorks).

2.5. OC and Stable Carbon Isotopes (o)

New data for OC concentrations and stable carbon isotopic composition (5*>C), added by this study to the
growing total data set (see Table S1), were analyzed by the Stable Isotope Facility at the Department of
Geological Sciences, Stockholm University. Freeze-dried, homogenized subsamples (~10 mg) were repeat-
edly acidified (HCI, 1.5 M) in Ag capsules to remove all inorganic carbon (Nieuwenhuize et al., 1994). The
OC concentrations and 8"*C were measured simultaneously with a Carlo Erba NC2500 elemental analyzer
connected via a split interface to a Finnigan MAT Delta V mass spectrometer. The OC concentrations were
blank corrected by repeated analysis of empty Ag capsules. The relative error for OC concentrations was
<1%. Stable isotope data are reported in §'*C notation relative to VPDB.

2.6. Source Apportionment

The relative contributions of marine and terrigenous OC were quantified with an isotopic mass balance
approach using 5'3C as a source marker. The marine 8'°C source signature was taken to be —21 + 2.6%o
and the terrigenous —26.6 + 0.7%o., following Tesi, Muschitiello, et al. (2016) with the terrigenous end-
member here being the average of the two terrigenous end-members used in that study. Source proportions
were estimated using a Markov Chain Monte Carlo approach. In general, terrOC may be divided into terrOC
from the active layer (topsoil) and Pleistocene Ice-Complex Deposits (ICD) by combining §'*C and A'C.
However, establishing the topsoil A™C endmember is complicated by the fact that it is influenced by the
cross-shelf net transport time, which is so far only constrained for the eastern Laptev Sea (Broder et al.,
2018). One caveat of using only 8'°C as a source marker, on the other hand, is its relatively poorly con-
strained value for the marine end-member (e.g., Belicka & Harvey, 2009; Tesi et al., 2017), which is reflected
in the comparatively large uncertainty of 2.6%.. The spread between marine and terrigenous sources, espe-
cially for ICD, is larger for AMC (=50%0 + 12%o for marine, —232%o + 147%o for topsoil and —966%o + 45%o
for ICD; Tesi, Muschitiello, et al., 2016), resulting in a higher precision of the dual carbon isotope approach.
We therefore compared the estimated fraction terrOC from the single- and dual-isotope approaches for the
Laptev Sea region (using the results from Broder et al., 2018, for the dual-isotope source apportionment),
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noting that the fraction terrigenous (fierr) is the sum of topsoil and ICD.
A straight line was fitted between the two predictions (including esti-
mated uncertainties), showing that the slope is 1, but there is a slight offset

1 | (see Figure 1). This fitted line was then used to correct all §'3C-derived

terrOC estimates. Another advantage of employing only §'C as a source

marker (besides circumventing the poorly constrained topsoil A'*C value

for the eastern part of the study area) was the greater coverage for §'*C
data than for A™C data.

2.7. Correction for Sorting During Transport and Estimate of

o data il Transport Times
— mean fit| |
s 2*o

Larger particles (i.e., >63-pm grain size) are mainly retained on the inner
shelf due to hydrodynamic sorting (Tesi, Semiletov, et al., 2016). To quan-
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Figure 1. Comparison of the estimated fraction terrigenous organic carbon
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tify the mobile fraction of sedimentary terrOC (i.e., <63-um grain size;
fine mineral-bound as opposed to coarse matrix-free plant debris), we
used an empirical relationship (established in Brdder et al., 2018) between

(frexr) from the single (3">C) and dual (3"*C and A'*C) isotope approaches: ~ proportion TOC and water depth, based on a study by Tesi, Semiletov,
A linear relationship was fitted between the two predict}gns (including et al. (2016), where the organic carbon distributions were measured in dif-
estimated uncertainties), which was used to correct all 5 ~C-derived terrOC  ferent sediment density, size, and settling velocity fractions for surface

estimates.

sediments from the East Siberian Arctic Shelf (n = 9). The dependency
of the fraction fine on water depth is well described by fitting a logistic
function (root-mean-square deviation of 0.052):

_ 100
- 1 -+ 0.99.¢—0-052-water depth

2

Fraction fine [%]

The fraction of sedimentary terrOC in fine sediments (<63 um) for each sample was thus calculated using
the water depth at the sampling location, and this number then multiplied with the value for bulk terrOC
to obtain the terrOC concentration for the fine fraction.

The transport times were determined according to the empirical relationship with depth established by
Broder et al. (2018):

transport time (year) = (42+3) year/m X water depth (m) (3)

with water depths in m and transport times in years. This linear relationship was derived from compound-
specific radiocarbon analysis on terrestrial biomarkers (long-chain fatty acids) from the mobile sediment
fraction along a 600-km transect from the Lena River Delta across the Laptev Sea to the shelf edge. The
inverse velocity of 42 + 3 year/m was determined as a fitting parameter. The uncertainty of this parameters
was accounted for by Monte Carlo simulations. A total of 1,000,000 iterations were run for each sample, with
aburn-in (initial search) of 10,000 and a data thinning of 10 (rejecting all but every tenth result). See Table S2
in the supporting information for results.

2.8. Degradation Rate and Recalcitrant Fraction

The first-order degradation rate constant k (kyr~") for terrOC was obtained by fitting an exponential decay
function with an offset to the terrOC loadings, terrOC, with regard to the transport time, ¢:

terrOC(f) = Laeg'e ' + R ()

The offset, R (mg/m?), defines the recalcitrant fraction of the terrOC, while Lyeg (mg/m?) describes the
degradable fraction. Note that the SA-normalized terrOC loadings (instead of mass-normalized concentra-
tions) were used for the degradation estimation. This is done in order to avoid masking the degradative loss
by purely hydrodynamic processes such as particle size-dependent sorting during transport. Since we are
focusing on the transport-prone terrOC fraction that is closely associated with mineral surfaces, this ambi-
guity can be prevented by normalizing to the mineral surface area of the sediments (e.g., Blair & Aller,
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TerrOC [mg m-2]

2012; Keil et al., 1994). To assess the uncertainties of the fitting
parameters, a Monte Carlo simulation was run also for this with
1,000,000 iterations, a burn-in of 10,000 and a data thinning of 10
(Table S2).

A complication with this approach is that there is a geographical bias for
the data; many more data points were collected near shore, and thus with
a shorter transport time. To account for this bias, the data points were
binned in 250-year bins, and each bin was represented by the average

@1 % '_é_‘ and standard deviation for that bin (see Figure 2 and Table S3 in the sup-

porting information). For bins with only one data point the standard

Figure 2. Relationship between transport time and terrigenous organic car-

6 8 deviation was estimated by the average standard deviation of all

Transport time [kyrs] other bins.

2.9. Geographic Interpolation

bon (terrOC) loadings: Black open circles represent values of the individual =~ A geographical interpolation of the terrOC concentrations (mg/gdw) was

samples (with standard deviations as error bars); red open squares are
average values (with standard deviations) obtained by the binning of the
samples into 250-year intervals.

established over the study region to facilitate estimation of the terrOC
inventory. The natural-neighbor approach was used, which is suitable
for uneven distributions of data points. The interpolation was created on
a longitude-latitude grid with 1/60° X 1/60° resolution. Given the spherical geometry, the amounts terrOC
in each grid were scaled with the area of the grid when computing the total inventory.

3. Data

The hereby expanded data set on concentrations and related parameters gave insights on the spatial distri-
butions and sources of organic carbon. The largest sources of organic matter on the LS + ESS are terrigenous
resulting from the combination of low marine primary production (Sakshaug, 2004) and large river export
and coastal erosion (McClelland et al., 2016; Vonk et al., 2012; see also section 2.1). This was reflected by
the sedimentary OC concentrations (Figure 3a); highest values were found for samples close to the Lena
River outlet and the coast (up to 26 mg/gdw, equivalent to 2.6 weight%), while OC concentrations on the
outer shelf were generally low (3-7 mg/gdw). Some higher values were observed on the eastern outer shelf
of the East Siberian Sea, likely stemming from increased marine production caused by nutrient-rich inflow
of Pacific waters. The OC values agreed in magnitude and trends with other published work for the area (e.g.,
Fahl & Stein, 1997; Naidu et al., 2000; Semiletov et al., 2005; Shakhova et al., 2015).

The mineral SA is generally related to the grain size of the sediment particles with high values reflecting a
finer mineral matrix and greater number of mesopores relative to coarse material (Mayer, 1994a). The SA
commonly increases with distance from the coast, since the kinetic energy in the bottom waters decreases
with increasing water depths; larger particles are therefore retained closer to the coast, while fine particles
are more subject to winnowing-based transport. LS + ESS surface sediments by and large followed this trend,
with values as low as 3.3 m?/gdw relatively close to the shoreline and the highest values (up to 39 m?/gdw)
on the outer shelf (Figure 3b). There were, however, many exceptions of for example, fine sediments at shal-
low water depths or coarse material close to the shelf break (Figure 3b). The latter may be explained by win-
nowing of the fines across the shelf edge, leaving behind relatively coarse material.

The 8'C signal of the organic material carries source information since marine primary production is gen-
erally less depleted (i.e., less negative) than land-derived organic matter (e.g., Fry & Sherr, 1984). Strong
trends from about —27%o. close to the coast and the major river mouths up to about —21%. on the outer shelf
were visible (Figure 3c). These patterns are consistent with previous observations for the study area and
neighboring Arctic shelves (e.g., Naidu et al., 2000; Semiletov et al., 2005).

4. Results
4.1. Distribution of OC and terrOC in Laptev and East Siberian Sea Surface Sediments
The distributions of OC and terrOC were interpolated across the LS + ESS using the compiled OC and §'*C

data (Figure 3). From these distributions, inventories of OC and terrOC were then derived. The boundaries
of the enclosed area were dictated by the coverage of the samples and the 200-m isobar (slope > 1° at around
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Figure 3. Surface sediment organic carbon concentrations (a), mineral surface area (b) and stable carbon isotope
values (c).
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Figure 4. Maps of the Laptev Sea and East Siberian Sea (LS + ESS) with contour plots of the concentration of total organic
carbon (OC; a), total terrigenous organic carbon (terrOC; b), and degradable terrOC (c), in the mobile fraction of the
surface sediments. Open black circles refer to the sampling locations.

200-m water depth according to bathymetry analysis). The area covered by this approach is 816,000 km?,
which corresponds to ~55% of the total LS + ESS shelf area (~1,500,000 km?).

Since large particles are retained close to the coast and not transported across the shelf (Tesi, Semiletov,
et al., 2016), we only account for the mobile fine fraction of the sediment (<63 um) that is subject to degra-
dation during cross-shelf transport. The following concentrations were all corrected accordingly (see
section 2.7 for details). The OC concentrations in the fine fraction spanned from 1.7 to 18 mg/gdw
(Figure 4a and Table S2 in the supporting information). Two distinct areas with high such mass-
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TerrOC [mg m?]

normalized OC concentrations were apparent; one north and east from
k=1.5%0.2 kyr! the Lena River outlet and one on the outer eastern East Siberian Sea shelf.
Cy=1.2+0.1 mg m?

R =0.15%0.02 mg m?

The fraction terrOC of bulk OC calculated by 8'*C-based source appor-
tionment ranged between 20%-80%. Higher proportions of terrOC were
generally observed along the coast and north of the Lena River delta,
while for the outer shelf, particularly in the ESS, terrOC contributions
were considerably lower. These numbers and patterns are similar to pre-
vious estimates of the terrOC contribution in surface water POC
(Semiletov et al., 2012). Total terrOC concentrations across the shelf ran-
ged between 0.03 and 15 mg/gdw (Figure 4b and Table S2 in the support-

Figure 5. The relationship between terrigenous organic carbon (terrOC)

Transport time [kyrs]

T T ' T T ing information). They were highest close to the Lena River delta and

6 8 northward (roughly along 130°E). This also agrees with the patterns
reported for terrestrial biomarkers such as lignin phenols (e.g., Broder,
Tesi, Andersson, et al., 2016; Karlsson et al., 2014; Tesi et al., 2014) and

loadings in the fine fraction and the cross-shelf transport time. Open sym- solvent-extractable lipids (e.g., Bischoff et al., 2016; Broder, Tesi,
bols (and error bars) resemble the average (and standard deviation) of Andersson, et al., 2016; Dogrul Selver et al., 2015; Karlsson et al., 2011,

measured terrOC loadings within a bin of 0.25-kyr transport time (see also  2014; Sparkes et al., 2015). The comparison of the distribution of bulk

Figure 1 and section 2.8). The red line displays the fitted exponential decay
function with the yellow-shaded area as the 20 uncertainty of the fit and the
gray shaded area as the asymptotic offset representing the recalcitrant resi-

due (see text).

OC with terrOC revealed that the high OC concentrations on the outer
eastern East Siberian Sea shelf are probably to a large part caused by
marine primary production, since terrOC concentrations in that area are
rather low. This agrees with previous findings reporting the inflow of
nutrient-rich Pacific waters westward up to around 160°E (Anderson et al., 2011; Semiletov et al., 2005;
Sparkes et al., 2016; Tesi et al., 2014).

4.2. Degradation Rate Constant

A first-order degradation rate constant was calculated from SA-normalized terrOC loadings and estimated
transport times using a Monte-Carlo simulation strategy (see section 2.7 and 2.8 for details). Here in brief,
the degradation rate constant is determined by fitting the following equation (4) to the data (Figure 5):
terrOC(f) = Lgeg * ekt 4 R, with terrOC(f) as SA-normalized terrOC loadings over transport time (&),
Lgeg the degradable terrOC loading (Lqeg = terrOC(0) — R), and recalcitrant residue R. With this approach
the bulk terrOC is considered, assuming a constant degradation rate for this entire carbon pool, rather than
compound-specific degradation rates for single biomarkers. The degradation rate constant obtained for this
complete data set (Figure 5) was with 1.5 + 0.2 kyr™* on the same order of magnitude but smaller than the
one obtained for a Laptev Sea transect (2.4 + 0.6 kyr~*; Broder et al., 2018). This difference may be caused by
different source material for the Laptev compared to the East Siberian Sea, as the terrOC input of the later is
dominated by deeper carbon sources via coastal erosion, whereas the main terrOC supply for the Laptev Sea
transect is delivered by the Lena River (Broder et al., 2018; Keskitalo et al., 2017; Tesi, Muschitiello, et al.,
2016; Vonk et al., 2012). However, for both parts of this shelf system, regardless whether terrOC sources
are governed by coastal erosion or river discharge, similarly large across-shelf gradients for OC and terres-
trial biomarkers have been observed previously (Tesi, Semiletov, et al., 2016).

The other derived parameters were similar, with the initial loading Lgeg = 1.2 £ 0.1 mg/ m? (1.4 + 0.4 mg/m>
in Broder et al., 2018) and the recalcitrant residue R = 0.15 + 0.02 mg/m2 (0.21 +0.02 mg/m2 in Broder et al.,
2018). Some of the samples with very long transport times seem to have lower loadings than the derived
recalcitrant residue R. This suggests that assuming one single degradation rate constant for a presumably
complex mixture of terrOC is likely an oversimplification of the system. However, the reasonably good fit
with small uncertainties for the fit parameters sustain this relatively simple method.

Dividing the part that is lost during transport (Lgeg) by the initial loading (Lgeg + R) provides an estimate of
about 89% of the initial terrOC loading to be degraded. This number is in fair agreement with the degradative
loss of ~85% found by Broder et al. (2018).

Any differences may in part be due to a larger set of samples (n = 109 observations, distributed over 19 bins,
see section 2.8, compared to n = 10 in the previous study), leading to slightly smaller uncertainties for these
parameters. On the other hand, transport times for the East Siberian Sea are less well constrained than for
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the Laptev Sea. Here it was assumed that the cross-shelf transport in the East Siberian Sea scales linearly
with water depth as observed for the Laptev Sea (Broder et al., 2018). However, sediment transport processes
may differ since the freshwater input to the eastern part of the LS + ESS does not come from one overwhelm-
ing source as the Lena River in the western part. Depending on the prevailing atmospheric conditions,
sediment transport may be dominated by the Siberian Coastal current and thus occur not across but rather
along the shelf (Weingartner et al., 1999). The inflow of Pacific waters, east of 160°E, may further affect sedi-
ment transport processes (Semiletov et al., 2005; Steele & Ermold, 2004). The overall relatively small uncer-
tainties for the derived parameters (root-mean-square deviation of 0.063), however, support this approach
and thus the assumption of a linear relationship between water depth and transport time for the entire
LS + ESS study area.

4.3. Degradable terrOC in Laptev and East Siberian Sea Surface Sediments

Next, we used the data presented in the previous sections to quantify an inventory for the terrOC pool cur-
rently available in surface sediments across the LS + ESS that is prone to degradation during cross-shelf
transport, that is, the degradable terrOC fraction. First, we determined the total concentration of terrOC
Cierroc (in mg/gdw) in the mobile sediments (<63-um grain size; as in section 4.1 and Figure 4b) and sub-
tracted the part that is recalcitrantthereof. The amount of recalcitrant terrOC Ciecy (in mg/gdw) is calculated
from the asymptotic value R (in mg/mz, see section 4.2) and the mineral surface area (SA, in m?/ gdw) for
each sample as

Crecal = RXSA (5)
The fraction of degradable terrOC, Cycg, is then calculated by difference from the total terrOC
Cdeg = Cterroc —Crecal (6)

The concentrations of degradable terrOC span from 0 to 12 mg/gdw (Figure 4c and Table S2 in the support-
ing information). They are highest close to the Lena River delta and below 3 mg/gdw for most of the
broader shelf.

4.4. Degradable terrOC Inventory and Carbon Flux From the Surficial Sediments

The inventory of degradable terrOC is calculated as the concentration of terrOC at each sampling station
integrated over the area enclosed by the samples, see Figure 4c.

Tdeg = | preaCeg (101, 1at)X00g X(1=®)XZmix dlon dlat (7)

Here Cyeg(long, lat) is the concentration of degradable terrOC (i.e., recalcitrant subtracted from the total) in
the mobile sediment fraction at location (lon, lat) in grams per gram dry weight as defined in the previous
section 4.3 and assumed to be constant over the depth of the mixed layer, z,ix, Pseq is the sediment density
in grams per cubic centimeters and @ is the (dimensionless) average porosity over the depth of the mixed
layer, Zmix, in centimeters. Concentrations of terrOC were determined for discrete surface sediment samples
by 8"*C-based source apportionment and then interpolated over the covered area (see sections 2.6 and 2.9).
For the sediment mineral density, the commonly used average of peq = 2.5 + 0.25 g/cm’ (Jonsson et al.,
2003, and citations therein) was assumed here, as the exact proportions of clay (ociay = 2-2.6 g/cm®), quartz
(Pquartz =2.65 g/ cm?), and feldspar (Pretdspar = 2.6-2.75 g/ cm®) are unknown for the study area. The sediment
porosity @ was analyzed for n = 9 sediment cores across the Laptev Sea (see Table S1 for exact locations).
These measurements were averaged over the mixing depth. The mean value of all cores ¢ = 0.7 + 0.09
was used in this study. This result agrees with earlier compilations (e.g., Emerson & Hedges, 1988; Hedges
& Oades, 1997). The mixed layer depth z,,;x Was determined from the lead (Pb) concentrations measured
by XRF for four sediment cores (see Table S1 for exact locations). In the mixed layer, values were generally
higher due to recent atmospheric input from fuel combustion (Macdonald et al., 2000) and decreased below
~4 cm (the Russian Federation banned the use of leaded gasoline nationwide in 2002). The X-ray images
obtained from the same method showed an increase in the wet bulk density, that is, decrease in porosity,
at ~4 cm as well (see Figure S1 for one representative station). From *'°Pb measurements no clear mixed
layer was discernible. Taken together, we therefore take z,,ix to be 4 + 1 cm for this system. This value is
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rather low compared to the global average of 9.8 + 4.5 cm compiled by Boudreau (1994). For that study, pre-
viously published data of mixed layer depths (determined with several different radio-isotopic methods, see
Boudreau (1994) and citations therein) were collected for >200 cores from different coastal, shelf, and deep
sea environments. Their compilation, however, is lacking cores from the Arctic shelves.

With these parameters, the inventory of degradable terrOC (I4¢g) in surface sediments of the LS + ESS was
estimated to 0.64 + 0.28 Tg using equation (7). Since the area covered here only accounts for 55% of the total
LS + ESS, the best estimate (without any additional information) was to assume a similar average concen-
tration of degradable terrOC for the entire Laptev and East Siberian shelves. The inventory for the whole
area was then calculated as (0.64 + 0.28) Tg/0.55 ~ 1.2 + 0.53 Tg.

The carbon flux Fge, (in g/year) emerging from degradation of terrOC in surface sediments across the
LS + ESS is quantified by multiplying the inventory of degradable terrOC Iy, with the first-order terrOC
degradation rate constant k of 0.0015 + 0.0002 per year (see Figure 5):

Fdeg = Ideng (8)

This calculation yielded a flux of degraded terrOC at about 1.7 + 0.97 Gg (=1,700 + 970 t) carbon per year for
the surficial sediments of the LS + ESS.

4.5. Comparison of terrOC Degradation in Surficial Sediments to Other Carbon Fluxes on the
Laptev and East Siberian Sea Shelves

The carbon flux from terrOC degradation in the surficial sediments was compared with other major flux
vectors for terrOC in this extensive shelf-sea system. These include carbon fluxes from degradation of
DOC and POC, the total outgassing caused by terrOC degradation (measured as net CO, released to the
atmosphere), and land-ocean input and burial fluxes in the sediments.

The size of the total inventory for DOC was estimated to be 94 Tg, with a large portion of this pool being of
riverine origin, based on correlations with salinity (Alling et al., 2010). However, we note that this DOC
inventory estimate is at odds with the yearly DOC delivery by Lena and Kolyma Rivers combined
(~6.5TgC year™!; Holmes et al., 2012) and the estimated shelf water residence time of ~3.5 years (Alling
et al.,, 2010, and citations therein). Since the DOC release by coastal erosion is comparably small (e.g.,
Sanchez-Garcia et al., 2011), the contribution from marine primary production might be rather substantial.
For DOC in the western East Siberian Sea (west of 160°E), a first-order removal rate was found to be
~0.3year ' (Alling et al., 2010). A similar rate may hold for the entire LS + ESS, but for the Laptev Sea, fresh-
water residence times were too short and for the eastern East Siberian Sea, they were too poorly constrained
to obtain a removal rate. The net DOC removal flux for the western East Siberian Sea was quantified to
~5.1 Tg C year™ " (Alling et al., 2010).

The POC inventory for the entire LS + ESS added up to 4.2 + 0.3 Tg, with ~1.8 Tg for the Laptev and ~2.4 Tg
for the East Siberian Sea (Sanchez-Garcia et al., 2011). From the depleted 8"°C signal for POC from the
Laptev and western East Siberian Sea it was assumed that this was mainly terrigenous, while for the
~2.4 Tg from the eastern East Siberian Sea, a contribution of about 50% terrOC was estimated (Sanchez-
Garcia et al., 2011). Thus, an inventory of ~3 Tg terrigenous POC results for the entire LS + ESS.

For POC a first-order degradation rate was constrained to be 1.4 + 0.9 year ! for the Laptev Sea and the wes-
tern East Siberian Sea (west of 160°E; Sanchez-Garcia et al., 2011). As these areas of the LS + ESS were domi-
nated by terrigenous POC, the rate is assumed to apply to particulate terrOC (if the inventory included
marine POC, the degradation rate constant would be underestimated). No degradation rate constant was
derived for the eastern part of the East Siberian Sea (east of 160°E) due to uncertainties regarding the likely
much larger marine contribution to the POC inventory in this area. The removal flux for terrigenous POC
degradation in the Laptev and western East Siberian Sea was thus assessed by a steady state mass balance
to be ~2.5 Tg C year ™, accounting for sediment burial and net hydraulic exchange (Sanchez-Garcia
et al., 2011).

For inventory comparisons the total amount of terrOC in surface sediments should be taken into account
(instead of only the degradable fraction). The size of the terrOC inventory Iie;roc (calculated in analogy to
I4eg, but using Cierroc(lon, lat) instead of Cyeg(lon, lat) in equation (7)) is with ~2.7 + 0.84 Tg about double
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the size of Iycg and similar to the size of the POC inventory (Sdnchez-Garcia et al., 2011). The inventory for
total sedimentary OC Ioc (calculated accordingly, exchanging Cgeg(lon,lat) with Coc(lon,lat) in equa-
tion (7)) sums up to ~3.8 + 1.1 Tg, approximately three times the size of I, but still about a factor of 25
smaller than the total amount of DOC suggested for the LS + ESS (Alling et al., 2010).

The degradation rate constant for sedimentary terrOC is with 0.0015 year™ ' 2-3 orders of magnitude smaller
than the ones for water column POC and DOC on the LS + ESS. This difference may in part be due to less
oxygen availability in the sediments. Since the oxygen penetration depths for LS + ESS sediments is on the
order of a few millimeters (Boetius & Damm, 1998; Briichert et al., 2018), the average oxygen exposure time
for the mixed layer (~4 cm) is much lower than the sedimentary cross-shelf transport time. POC and DOC in
oxygenated waters, in contrast, are exposed to oxygen at all times. Another protective mechanism against
degradation for sedimentary terrOC may be the close interaction with the mineral surfaces of the sediments
through sorption (Hedges & Keil, 1995; Keil et al., 1994; Mayer, 1994b). Also, sediments may contain a
higher proportion of intrinsically refractory organic matter (kerogen), which is not soluble in water
(Zonneveld et al., 2010).

The current study provides constraints to quantitatively demonstrate that the carbon released from terrOC
degradation in LS + ESS surface sediments (1.7 + 0.97 Gg C year™ ) is 3-4 orders of magnitude smaller than
the estimates for terrigenous DOC and POC degradation in the LS + ESS water column. The major fraction
of the 15-30 Tg C year™ " terrOC that is delivered to LS + ESS as POC through coastal erosion and river dis-
charge (combined estimates from Vonk et al., 2012; McClelland et al., 2016) appears to get buried in the sedi-
ments (20-30 Tg C year_l, Vonk et al., 2012).

According to our findings, degradation in the top few cm of the sediment thus appears to contribute only a
minor fraction to the total ~10 Tg C year™" of carbon that is released as CO, to the atmosphere from terrOC
degradation on the Siberian shelves (Anderson et al., 2009). The anticipated total carbon flux released from
thawing permafrost soils of the whole circumpolar Arctic landscape is yet several orders of magnitude larger,
though conflicted with a high degree of uncertainty. One reasons why these emissions are so poorly con-
strained is the fact that lateral carbon fluxes and the role of spatially and temporally displaced feedbacks
are currently not properly represented in most estimates (Schuur et al., 2015; Vonk & Gustafsson, 2013),
an aspect we are trying to partially alleviate with the current study. Admittedly, our approach is not account-
ing for the degradation of terrOC in resuspended sediment/bottom floc occurring at the water-sediment
interface, which have been observed indirectly by, for example, Semiletov et al. (2016). Sedimentary
terrOC degradation below the mixing layer by anaerobic degradation is low (<20% of the depth-integrated
bulk carbon mineralization according to Briichert et al., 2018, which is consistent with downcore profiles
of terrOC and biomarker concentrations in Broder, Tesi, Salvadd, et al., 2016). Therefore, deposition of
terrOC in the sediments may function as a removal mechanism for permafrost-released OC from the con-
temporary carbon cycle. With ongoing climate change leading to, for example, shrinking sea ice cover,
increasing terrOC delivery, and potentially enhanced primary production, these numbers are also likely sub-
ject to change over the coming decades to century.

5. Summary and Conclusions

This study comprises the first inventory of terrOC for surface sediments covering the LS + ESS, the World's
largest shelf sea system. The size of the terrOC reservoir in the mixed surface sediment layer (top 4 cm) was
estimated to be ~2.7 + 0.84 Tg, which makes up about 70% of the total OC present in LS + ESS surface sedi-
ments. Approximately 55% of the terrOC pool currently present in the surface sediments was found to be
recalcitrant on the order of several millennia; on the outer shelf almost all terrOC was made up of recalci-
trant residue. The degradable fraction (~1.2 + 0.53 Tg) decayed following a first-order degradation rate con-
stant of 1.5 + 0.2 kyr™". This approximation is the average for the whole terrOC pool in the surficial
sediments; different carbon subpools likely have different degradation rates. It has also been demonstrated
that there is more degradation taking place in the nearshore zone, decreasing with distance from the coast.
However, this study provides a first estimate for the full compartment of this shelf sea system. From these
results, the flux originating from terrOC degradation in the LS + ESS surface sediments was quantitatively
constrained to be around 1.7 & 0.97 Gg/year. A comparison with terrOC degradation in water column DOC
and POC phases showed that the contribution from the surface sediments to the total terrOC degradation is
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several orders of magnitude smaller than from the other compartments. This is largely due to the substan-
tially lower degradation rate constant (a factor 200-930 smaller than for DOC and POC). Still, a number
of uncertainties prevail: the sediment sample coverage on the midshelf for the East Siberian Sea is sparse
and data are lacking entirely for the western Laptev Sea and the eastern East Siberian Sea. Better assess-
ments of sediment transport times for the East Siberian Sea could potentially change the degradation rate
constant and the estimate for the recalcitrant residue; the first would influence the flux calculation, while
the latter would modify the size of the inventory of degradable terrOC. Nevertheless, all these values are
unlikely to be off by more than a factor of 2; therefore, even when taking all uncertainties into account,
the carbon flux from terrOC degradation in the surface sediments would still only be a minor contribution
to the total carbon released from terrOC degradation on the Laptev and East Siberian Sea shelves. Taken that
anaerobic degradation in deeper compartments of the sediment is low, these results imply that the burial of
permafrost-released terrOC in marine sediments may serve as an important mechanism to attenuate
potential permafrost carbon-climate feedbacks.
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