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Abstract Warming can lead to mobilization of organic matter (OM) initially stored in circumarctic
permafrost and subsequent greenhouse gas release to the atmosphere. Our understanding remains limited
regarding how the extent of carbon release, that is, OM reactivity, varies across terrestrial permafrost types and
how it changes during transport from land to marine shelves. In this study, we measured bulk organic (TOC,
C/N), isotopic (δ13C, Δ14C), and thermogravimetric properties (TGA) as proxies of OM reactivity on bulk and
water‐soluble fractions (leachates) from terrestrial Holocene and Pleistocene permafrost, bulk surface sediments
from the Laptev Sea, and sediment cores from the western Laptev Sea. Bulk OM from terrestrial Pleistocene
permafrost exhibited lower reactivity compared to Holocene permafrost, as indicated by its lower
thermoreactivity and more advanced degradation state, reflected in higher δ13C values and lower C/N ratios.
Marine surface sediments showed relatively old radiocarbon ages and reduced OM thermoreactivity in the
eastern Laptev Sea shelf compared to the central and western Laptev Sea shelf. This likely resulted from a higher
contribution of Pleistocene permafrost‐derived OM. In the central and western Laptev Sea, a rapid decrease in
OM thermoreactivity was observed near the coast, followed by a more gradual decline offshore. Downcore
analyses revealed that the reduction in OM thermoreactivity primarily reflected degradation during cross‐shelf
transport rather than after burial. Our results advance the understanding of OM reactivity differences between
Pleistocene and Holocene permafrost, as well as changes in terrestrial permafrost OM thermoreactivity during
transport and post‐burial.

Plain Language Summary Warming in the Arctic is releasing carbon from permafrost as microbes
break down frozen soil, plants, and animal remains. To better understand this process, we studied how easily
organic matter (OM) from both young and old terrestrial permafrost breaks down, as well as OM in surface and
deeper sediments from the Laptev Sea shelf. We measured how easily the OM in these materials breaks down by
examining the amount of the OM that decomposed at lower versus higher temperatures. On land, we found that
old permafrost is more resistant to breakdown than young permafrost. In the eastern Laptev Sea shelf, surface
sediments contained more OM from old, less degradable terrestrial permafrost. Moving westward, OM
degradability decreases with increasing distance from the coast, suggesting rapid OM breakdown nearshore.
Deeper sediment layers revealed that most OM degradation happened during transport from land to sea and
across the shelf, with relatively little breakdown after burial. These findings improve our understanding of the
differing vulnerabilities of young and old permafrost to degradation and emphasize the importance of transport
processes in shaping OM reactivity distributions on Arctic Ocean marginal shelves.

1. Introduction
Vast quantities of aged carbon are sequestered in permafrost across the hinterlands of Siberia and Alaska (Strauss
et al., 2017, 2021). These regions, which remained free from ice sheet cover during the last glacial maximum,
allowed large‐scale vegetation growth and soil accumulation (Dyke et al., 2003; Hughes et al., 2016). Thawing of
this Pleistocene permafrost, together with Holocene permafrost, releases the carbon previously stored in
permafrost back into active biogeochemical carbon cycles (Ruben et al., 2024; Schuur et al., 2015, 2022). This
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release may exacerbate the already rapid warming in the Arctic, where temperature increases are occurring at a
rate about four times higher than the global average (Miller et al., 2010; Rantanen et al., 2022). Upon permafrost
thawing, some carbon is emitted as greenhouse gases from degrading organic matter (OM) within short time
spans after thawing, while the remainder is more recalcitrant and transported into terrestrial reservoirs such as
rivers, where it may degrade further during transit or storage (Canuel & Hardison, 2016; LaRowe et al., 2020;
Vonk & Gustafsson, 2013). Eventually, mobilized terrestrial permafrost is transported to marginal seas, including
the Laptev Sea, and the majority of the deposited carbon on Arctic Ocean shelves originates from terrestrial OM
(Karlsson et al., 2011; Martens et al., 2022, 2024; Sun et al., 2025).

A critical question is: How reactive is the OM, that is, how much of the carbon stored in different types of
permafrost is likely to be released to the atmosphere as greenhouse gases upon permafrost thawing? Current
evidence presents diverse perspectives. Some studies suggest high OM reactivity of Pleistocene permafrost
compared to Holocene permafrost, based on higher amount of carbon release in the dissolved organic carbon
(DOC) fraction (Drake et al., 2015; Mann et al., 2015, 2022; Spencer et al., 2015; Vonk et al., 2013) as well as
lower initial degradation status inferred from biomarkers such as acetate (Stapel et al., 2018) and lignin phenols
(Tesi et al., 2014; Winterfeld, Goñi, et al., 2015). Conversely, other studies report that Pleistocene permafrost is
less bioavailable, based on incubation experiments (Gentsch et al., 2015; Kuhry et al., 2020; Martens et al., 2023;
Melchert et al., 2022; Schädel et al., 2014), and more degraded than Holocene permafrost, as indicated by lower
total organic carbon to total nitrogen (C/N) ratios, higher stable carbon isotope (δ13C) values, and degraded
biomarker indices (Schirrmeister et al., 2011; Strauss et al., 2015).

Another unresolved question is how mobilized terrestrial permafrost OM reactivity changes during cross‐shelf
transport. In marine surface sediments across the Laptev Sea shelf, OM degradation is evident from
decreasing contents of terrigenous biomarkers (including long‐chain n‐alkanes, long‐chain fatty acids, and lignin
phenols), declining total organic carbon (TOC) contents, increasing δ13C values, and enhanced terrestrial
biomarker‐based degradation indices (Alling et al., 2012; Bro der et al., 2018, 2016; Fahl et al., 2001; Fahl &
Stein, 1997; Gershelis et al., 2020; Karlsson et al., 2011; Martens et al., 2024; Mueller‐Lupp et al., 2000; Shulga
et al., 2024; Sparkes et al., 2016; Stein & Fahl, 2000; Stein & Fahl, 2004; Tesi et al., 2016; Tesi et al., 2014; Vonk
et al., 2012; Vonk et al., 2014). Although these indices provide insights into OM degradation during cross‐shelf
transport on the Laptev Sea shelf, the changes in bulk OM reactivity between terrestrial permafrost and marine
surface sediments remain poorly understood. Moreover, only few studies have attempted to quantitatively assess
the residual OM reactivity or the associated carbon loss in marine sediments during transport (Bröder et al., 2018;
Martens et al., 2024; Tesi et al., 2014). To fill these knowledge gaps, we employed thermogravimetric analysis
(TGA) to assess variations in the thermoreactivity of bulk OM from both terrestrial and marine materials.
Thermoreactivity measured by TGA can reflect OM bioreactivity, as soil incubation experiments show that the
bioactive OM loss during microbial degradation is reflected as decreasing thermoreactive (labile) OM content that
decomposes at lower temperatures (Plante et al., 2009; Siewert et al., 2012; Tokarski et al., 2019). Similar trends
have also been observed in pine forest litter and artificial compost, where more decomposed samples are asso-
ciated with lower thermoreactive OM content (Dell'Abate et al., 2000; Rovira et al., 2008). Owing to this rela-
tionship between thermoreactivity and bioreactivity, TGA provides a rapid quantitative assessment on bulk OM
reactivity in supplement of incubation experiments. TGA requires small sample amount and minimal sample
preparation (Plante et al., 2009; Siewert et al., 2012), and therefore has been applied to both soils (e.g., Lopez‐
Capel et al., 2005; Siewert et al., 2012; Tokarski et al., 2019) and marine sediments (e.g., Lopez‐Capel
et al., 2006; Smeaton & Austin, 2022; Smeaton & Austin, 2024).

This study investigates the OM reactivity in Holocene and Pleistocene terrestrial permafrost. We hypothesized
that (a) Pleistocene terrestrial permafrost OM is less reactive than Holocene terrestrial permafrost OM
(Figure 1a), and (b) thus, mobilized terrestrial Holocene permafrost contributes more reactive OM to Laptev Sea
shelf sediments than Pleistocene terrestrial permafrost (Figure 1b). To test these hypotheses, we assessed OM
thermoreactivity via TGA and compared it with TOC, C/N ratios, and δ13C values of bulk OM from Pleistocene
and Holocene terrestrial permafrost materials. In combination with radiocarbon analysis, we examined spatial
differences in OM thermoreactivity related to variations in terrestrial input sources and cross‐shelf changes in OM
thermoreactivity in Laptev Sea surface sediments. Finally, we investigated key stages of OM thermoreactivity
decrease along the permafrost mobilization pathways, from land to the Laptev Sea shelf, and subsequent
deposition.
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2. Study Area
The Laptev Sea coast and its hinterland are predominantly underlain by Pleistocene permafrost (Grigoriev
et al., 2004; Strauss et al., 2021, 2022, 2025) (Figure 2). Overlying Pleistocene permafrost lies permafrost formed
during the Holocene, on top of them is a seasonally thawed active layer (Harris et al., 1988). Permafrost is defined
as soil that remains below 0°C for at least two consecutive years (Harris et al., 1988). The ice‐ and organic‐rich
permafrost formed during the late Pleistocene is specifically referred to as Yedoma (Strauss et al., 2015, 2021),
and constitutes one of the major circumarctic carbon pools (Strauss et al., 2017, 2025). Collectively, Yedoma
regions and drained thermokarst formed in Yedoma regions are referred to as the Yedoma domain (Strauss
et al., 2017, 2025).

The Laptev Sea, a marginal sea of the Arctic Ocean (Figures 2a and 2b), receives substantial amounts of terrestrial
OM from coastal erosion and Lena River discharge (Boucsein & Stein, 2000; Günther et al., 2013; Martens
et al., 2024; McClelland et al., 2016). Terrestrial sources dominate organic carbon flux to the Laptev Sea shelf
(Boucsein & Stein, 2000; Fahl et al., 2001; Fahl & Stein, 1997; Martens et al., 2022; Mueller‐Lupp et al., 2000;
Stein & Fahl, 2000), with approximately equal inputs from Pleistocene and Holocene permafrost (Martens
et al., 2022). Riverine transport delivers over 2.5 times more organic carbon to the Laptev Sea than coastal
erosion, though primarily in the form of DOC. Consequently, coastal erosion is the predominant source of
particulate organic carbon, contributing about four times more compared to river discharge (Martens et al., 2024;
Stein & Fahl, 2004). Annually, approximately 3.2 Tg (Tg) of particulate terrestrial organic carbon are transported
to the Laptev Sea, with ∼50% degraded during transport, ∼13% buried in the shelf sediments, and the remainder
exported to the continental slope or carried away by sea ice (Martens et al., 2024). The sediment depo‐center of
the Laptev Sea is located in areas with water depths of about 30 m (Bauch et al., 2001; Kuptsov & Lisitsin, 1996).

The Laptev Sea is ice‐free for about 3 months each year, with sea ice covering it for most of the year (Fahl
et al., 2001; Hörner et al., 2016). Ice algae assemblages are prevalent on the outer shelves of the central and
western Laptev Sea (Fahl et al., 2001). Elevated marine primary productivity is observed from proxies in shelf
surface sediments near the Lena Delta and polynyas (Fahl & Stein, 1997). Spatial differences in sediment sources
are evident between the eastern and central‐western Laptev Sea, as reflected by mineralogical assemblages of
shelf surface sediments (Dethleff et al., 2000; Guay et al., 2001). The eastern Laptev Sea shelf receives more input
from the Lena River, and most of the Lena River's discharge is further transported eastward and northward toward

Figure 1. Conceptual diagrams illustrating changes in organic matter (OM) reactivity under the hypotheses that (a) Holocene
permafrost contains more labile components and is overall more reactive than Pleistocene permafrost. (b) Holocene
permafrost contributes more reactive OM to the marine surface sediments. The circle sizes in panel (a) are proportional to the
size of the carbon stock in the Yedoma domain (in brown; carbon stock = 327–466 Pg; data from Strauss et al., 2017) and in
soils from 0 to 3 m depth and deltaic alluvium (in green; carbon stock = 812.6 ± 136 Pg; data from Palmtag et al., 2022),
respectively.
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the Eastern Siberian Sea by local winds (Dmitrenko et al., 1999; Guay et al., 2001; Osadchiev et al., 2020). On the
contrary, the western Laptev Sea receives freshwater from the Kara Sea, resulting in a higher marine influence in
this region. These regional differences are reflected in zooplankton and phytoplankton communities (Fahl
et al., 2001), δ13C values of bulk OM (Fahl et al., 2001; Mueller‐Lupp et al., 2000; Stein & Fahl, 2004), terrestrial
(long‐chain n‐alkane) and marine (short‐chain fatty acid) biomarker contents (Fahl et al., 2001; Fahl &
Stein, 1997), diatom assemblages (Fahl et al., 2001), and surface water salinities (Bauch et al., 2004; Stein &
Fahl, 2004).

During the last deglaciation, a large area of the Laptev Sea shelf was exposed above sea level (∼115 m lower than
present at 18 kyr BP), and the sea level rose to near‐modern levels by around 4 kyr BP (Bauch et al., 2001;
Klemann et al., 2015), consistent with global sea‐level trends indicating a deceleration of sea‐level rise after the
mid‐Holocene (Creel et al., 2024; Lambeck et al., 2014). Reconstruction of paleo sea levels in this region relies
heavily on model simulations, due to the limited availability of material suitable for reconstructing relative sea‐
level changes, and the geodynamic complexity on an active continental margin (Baranskaya et al., 2018; Li
et al., 2022). Nevertheless, the flat and shallow (<50 m) bathymetry of the shelf renders the coastline highly
sensitive to sea‐level fluctuations, as reflected in many sediment cores representing intervals from the last glacial
maximum to the Holocene (Bauch et al., 2001; Hörner et al., 2016; Kuptsov & Lisitsin, 1996; Liu et al., 2022;
Mueller‐Lupp et al., 2000; Stein & Fahl, 2000, 2004).

3. Materials and Methods
3.1. Materials

The samples analyzed in this study include terrestrial permafrost from the Lena Delta, Laptev Sea surface sed-
iments, and marine sediment cores from the western Laptev Sea (Figure 2b). The terrestrial permafrost samples
were collected from the Lena Delta and consisted of three individual sample sets. (a) Four Holocene permafrost
peat bluff profiles from the first terraces of the Lena Delta, collected in 2009 and 2010 using a hatchet and

Figure 2. (a) Map of the Arctic Ocean in a polar projection, with the study area, the Laptev Sea (LS), highlighted in a red
square. (b) Detailed map of the study area and sample locations. Samples include terrestrial permafrost from the Lena Delta
(crosses), Laptev Sea surface sediments (dots), and two marine sediment cores (diamonds). Laptev Sea surface sediments are
color‐coded according to their geographical locations, with samples from the eastern Laptev Sea shelf (near Yana River
mouth and new Siberian Islands) colored in light blue, samples from the central and western Laptev Sea shelves in black, and
samples from the offshore Laptev Sea colored in light gray. The pink region shows the extent of the Yedoma domain (Strauss
et al., 2016, 2021), gray arrows indicate the direction of marine surface current (Kleiber & Niessen, 2000), and black lines
indicate major rivers (Lehner & Grill, 2013). Bathymetry data are sourced from the International Bathymetric Chart of the
Arctic Ocean (IBCAO) (Jakobsson et al., 2012). The maps were created using QGIS3.22.9 (QGIS Geographic Information
System. QGIS Association. https://www.qgis.org).
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hammer. Detailed information on the peat samples is described in (Winterfeld, Goñi, et al., 2015). The samples
were sieved to <2 mm, freeze‐dried, and ground. (b) Two Yedoma ice complex profiles: core SOB18‐07 was
collected in 2018 using a SIPRE permafrost corer (Wetterich et al., 2019), and samples from profile CAC19‐Y1
were obtained in 2019 using a gasoline‐powered portable drilling apparatus (Fuchs et al., 2021). (c) Permafrost
soils collected on Samoylov Island: samples were subsampled from sediment core SAM18‐01, drilled with a
Russian URB2‐4T rig in 2018 (Jongejans et al., 2019). These subsampled aliquots of the Yedoma and Samoylov
permafrost were stored at − 20°C before being freeze‐dried, ground, and analyzed.

Surface sediments (0− 1 cm) from the Laptev Sea were collected during three expeditions: the Polarstern cruise
ARK‐IX/4 (PS27) in 1993 (Fütterer, 1994), the Ivan Kireyev cruise Transdrift‐l in 1993 (Kassens & Kar-
piy, 1994), and the Polarstern cruise ARK‐XI/1 in 1995 (Rachor, 1997) (Figure 2b). The samples were obtained
using various methods, including large box corers, multiple corers, and spade box corers. The sediments were
dried right after subsampling and ground before analysis. The distance between sample locations and the nearest
coastline were calculated using the software QGIS3.22.9 (QGIS Geographic Information System. QGIS Asso-
ciation. https://www.qgis.org), based on the bathymetry result from IBCAO (Jakobsson et al., 2012).

Two marine sediment cores were collected using Kasten corers during the Polarstern cruise ARK‐XIV/1b (PS51
Transdrift‐V) in 1998 (Figure 2b). Core PS51/154‐11 (77.276°N, 120.610°E, water depth 270 m, abbreviated as
PS51/154) was retrieved from the upper continental slope, while core PS51/159‐10 (76.767°N, 116.032°E, water
depth 60 m, abbreviated as PS51/159) was retrieved from the outer shelf (Fahrbach, 1998; Kassens, 2016).
Sediment cores were stored at − 20°C and moved to 4°C for subsampling. Sediment aliquots were sampled from
the cores at 5–10 cm intervals using syringes, and were freeze‐dried right after subsampling. Data from these two
cores were combined due to their proximity and comparability (Hörner et al., 2016; Lin et al., 2025; Taldenkova
et al., 2010). Samples from the slumping event layer between 530 and 540 cm in core PS51/154 were excluded
due to distinct signals in grain size, TOC, and lignin phenol content, likely indicating sediment redeposition rather
than paleoenvironmental conditions (Hörner et al., 2016; Lin et al., 2025; Taldenkova et al., 2010). Age models
for both cores were adopted from Lin et al. (2025), and the combined record spanned from the early last
deglaciation to the late Holocene. Distances from core locations to paleo coastlines at different sea levels during
these periods were calculated based on the age model of the two cores established in Lin et al. (2025), modelled
sea‐level fluctuation in the Laptev Sea (Klemann et al., 2015), and current shelf bathymetry, assuming paleo
coastlines followed the present‐day bathymetric contours (Jakobsson et al., 2012). We are aware that this
assumption of the paleo coastline does not account for coastal erosion processes that occurred during the last
deglaciation. However, due to the limited constrains on geomorphological changes of the Arctic coastline during
this period (Baranskaya et al., 2018; Li et al., 2022), it represents the best available approximation.

Water‐soluble fractions (leachates) were obtained from four terrestrial permafrost, including two Holocene
permafrost samples from core SAM18‐1 and two Pleistocene Yedoma permafrost samples from profile CAC19‐
Y1 (Table 1). To measure DOC concentration, ∼200 mg of dried sediment was leached in 20 mL deionized water
for 24 hr at 4°C, with intermittent shaking every 6− 8 hr. The leachates were filtered through 0.7 μm GF/F filters,
acidified to pH 2 using 37% HCl, and analyzed by high‐temperature catalytic combustion (Shimadzu, TOC‐
VCPN); for details, see Ksionzek et al. (2018). Based on measured DOC concentrations, the required sediment
weight for leaching was calculated to extract 10 mg of DOC, resulting in sediment dry weights ranging from 3 to
19 g. The volume of deionized water used was calculated based on the TOC content of the samples, following a
ratio of 1 g OC sediment to 200 mL deionized water, as described in Bristol et al. (2024). The leaching and

Table 1
Radiocarbon Dating and Geochemistry Results for Terrestrial Permafrost Leachates From the Lena Delta

Sample type Sample ID Bulk Δ14C (‰) Leachate Δ14C (‰) Bulk TOC (%) DOC con. (mg g OC− 1) OML/OM (%)

Holocene SAM18‐1,725–727 cm − 547.4 ± 1.8 − 492.5 ± 1.8 9.3 5.17 69.3

Holocene SAM18‐1,2254–2,256 cm − 665.0 ± 1.3 − 658.2 ± 1.3 33.8 10.84 69.2

Pleistocene CAC19‐Y1‐9 − 990.1 ± 0.4 − 834.6 ± 0.9 1.3 40.86 52.3
47.4 (duplicate)

Pleistocene CAC19‐Y1‐14 − 993.2 ± 0.3 − 915.1 ± 0.6 5.2 26.26 48.9

Note. DOC con. indicates the content of water‐soluble OC fraction in total organic carbon.
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filtering process was the same as described above. The filtered leachates were concentrated by rotary evaporation
to reduce solution volume and freeze‐dried to complete dryness for further radiocarbon dating and thermogra-
vimetric analyses. A duplicate thermogravimetric analysis was performed on one Pleistocene terrestrial perma-
frost leachate sample.

3.2. Thermogravimetric Analysis (TGA)

TGA provides quantitative assessments of bulk OM thermoreactivity by measuring weight loss during controlled
heating. OM decomposing at lower temperatures is considered more reactive and susceptible to microbial
decomposition, while OM decomposing at higher temperatures is relatively inert (Barneto et al., 2009;
Lopez‐Capel et al., 2006; Manning et al., 2005; Plante et al., 2005; Schuur et al., 2015). TGA results provide an
integrated measure of the overall thermoreactivity of organic matter. For instance, commonly seen highly ther-
moreactive compounds include fucoid sugars, glucose, and proteins, whereas lignin, humic acids, and coal exhibit
lower thermoreactivity (Lopez‐Capel et al., 2006; Manning et al., 2005; Smeaton & Austin, 2022). However,
assigning specific TGA peaks to individual compounds remains challenging, as certain organic compounds can
exhibit multiple peaks in TGA thermograms, and mixtures of different organic materials can shift the thermal
behavior of individual components compared to analyzing them separately (Plante et al., 2009; Zimmermann
et al., 1987).

For analysis, sediment samples (∼20 mg) and dried terrestrial permafrost leachates (∼10 mg) were analyzed in
70 μL aluminum oxide crucibles using a Mettler Toledo TGA/DSC 1. Samples were heated from 25 to 1,000°C at
a rate of 10°C min− 1 under a stable argon flow of 20 mL min− 1, following similar settings from previous studies
(Smeaton & Austin, 2022, 2024). Prior to sample measurements, the weight change of an empty crucible was
measured for calibration. OM was categorized into three fractions based on decomposition temperatures: labile
(200− 400°C), recalcitrant (400− 550°C), and refractory (550− 650°C) (Lopez‐Capel et al., 2006) (Figure S1 in
Supporting Information S1). Contents of labile OM fraction (OML) and the combined recalcitrant and refractory
fractions (OMR) were quantified in mg per g sediment, based on weight loss within these temperature ranges
(Smeaton & Austin, 2022). The quantitation limit and precision of the TGA method is dependent on the balance
type; in our case, the resolution of the balance is 0.1 μg. Measurement uncertainties for OML and OMR were both
±0.2 mg g sed− 1, calculated as the standard deviation (1σ) of five replicate analyses of one marine core sediment
sample. OM thermoreactivity was assessed as the fraction of labile OM relative to total OM (OML/OM),
expressed as a percentage, modified from the index published by Smeaton and Austin (2022) (Equation 1). Higher
OML/OM values indicate higher OM thermoreactivity. The measurement uncertainty for OML/OM was ±0.2%,
based on the same replicate analyses written above.

OML

OM
=

OML

OML + OMR
× 100 (%) (1)

3.3. Total Organic Carbon (TOC), Total Nitrogen (TN), and Stable Carbon (δ13C) Analyses of Bulk OM in
Sediments

Previously published TOC, C/N, and δ13C data were incorporated for samples that had been analyzed, while new
measurements were conducted for the remaining samples. For terrestrial permafrost from the Lena Delta, part of
the TOC, C/N, and δ13C values was from Winterfeld, Laepple, and Mollenhauer (2015). δ13C values for eight
Laptev Sea surface sediment samples were taken from Mueller‐Lupp et al. (2000), and those for cores PS51/154
and PS51/159 were from (Lin et al., 2025). Additional δ13C measurements for 14 Laptev Sea surface sediments
were performed at the ISOLAB Facility in Potsdam, using a Thermo Fisher Scientific Delta‐V‐Advantage gas
mass spectrometer equipped with a FLASH elemental analyzer EA 2000 and a CONFLO IV gas mixing system.
Samples were acidified with 6MHCl at 60°C for 3 hr, dried, homogenized, and weighed into tin capsules. Sample
sizes varied according to TOC content, targeting 0.2 mg of organic carbon for each measurement. Control
standards were run alongside the samples to correct δ13C values. Three samples were measured in duplicate to
assess reproducibility, with a standard deviation (1σ) of <0.15‰. Additional TOC, C/N, and δ13C measurements
of terrestrial permafrost, as well as δ13C measurements for two additional Laptev Sea surface sediment samples
(IK9340‐GKG and PS2747‐8a) were performed at CNR‐ISP in Bologna. These samples were freeze‐dried, ho-
mogenized, and weighed ∼15 mg into silver boats. The samples were acidified with 1.5 MHCl and dried at 55°C.
The analyses were conducted using a Thermo Fisher Scientific DeltaQ IRMS coupled with a FLASH 2000 CHNS
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Analyzer via a CONFLO IV gas mixing system. The measurement uncertainties were evaluated based on
replicate measurements of in‐house standard. For TOC it was <3% and for TN it was <4% of the respective
measured values, based on the coefficient of variation. For δ13C, the standard deviation (1σ) was <0.1‰. All δ13C
values are reported in per mil (‰) relative to the V‐PDB standard.

3.4. Radiocarbon (Δ14C) Analysis of Bulk OM in Sediments and Leachates

Radiocarbon data of bulk OM for Lena Delta permafrost have been partially published by Ruben et al. (2024) and
Winterfeld, Laepple, and Mollenhauer (2015). Additional measurements for bulk OM Δ14C values from Lena
Delta permafrost, Laptev Sea surface sediments, and sediment cores PS51/154 and PS51/159 were performed at
the AWI MICADAS laboratory in Bremerhaven, following protocols in Mollenhauer et al. (2021). Freeze‐dried,
ground sediments were weighed into silver boats, with sample sizes determined by TOC content to target 1 mg of
organic carbon. Samples were acidified with three drops of 6 M HCl at 60°C three times with 1 hr reaction time
between treatments, then oven‐dried overnight at 60°C. Subsequently, samples together with silver boats were
folded into tin boats and converted into graphite targets using an elemental analyzer (Elementar vario Isotope)
coupled to an automated graphitization system (Ionplus AG, AGE‐3) (Wacker et al., 2010). For terrestrial
permafrost leachates, dried samples were weighed into tin boats and converted into graphite targets directly,
following the same principle as described above. Radiocarbon isotopic ratios of the graphitized samples were
measured using a MIni CArbon Dating System (MICADAS) at AWI, Bremerhaven (Mollenhauer et al., 2021).
The radiocarbon results were reported as Δ14C values, calculated from the measured fraction modern (F14C)
results as Equation 2. The 1σ measurement uncertainty of Δ14C values for all the measurements were <4.5‰.
The specific 1σ error ranges for Δ14C values corresponding to individual datapoints are listed in Tables S2− S5 of
Supporting Information S1.

∆14C = (F14C − 1) × 1000‰ (2)

For downcore records, the Δ14C values at the time of sediment deposition (Δ14Cinitial) were calculated using
Equation 3 to account for radiocarbon decay from deposition to the present (Schefuß et al., 2016). This correction
enables comparison with Δ14C values from marine surface sediments. λ is the decay constant of 14C
(1/8,267 yr− 1). t is the time of deposition, according to the age‐depth model (in yr BP) published by Lin
et al. (2025).

∆14Cinitial = (F14C eλt − 1) × 1000‰ (3)

4. Results and Discussion
4.1. OM Reactivity of Pleistocene and Holocene Terrestrial Permafrost

Terrestrial permafrost samples from sites within the Yedoma and non‐Yedoma domains exhibited no significant
differences in TOC, OML/OM ratios, δ13C values, or C/N ratios (Figure 3). However, notable differences in OM
characteristics were observed between sample ages (Figure 3). In the following discussion, terrestrial permafrost
is categorized into Pleistocene and Holocene groups based on radiocarbon age.

In bulk fractions, Pleistocene permafrost samples generally exhibited lower OM thermoreactivity and lower TOC
content (average OML/OM = 43.4 ± 5.0%, average TOC = 2.4 ± 1.0%) compared to Holocene permafrost
(average OML/OM = 58.6 ± 9.1%, average TOC = 8.4 ± 8.3%) (Figures 3a and 3b), suggesting that the OM in
Pleistocene permafrost has undergone more extensive degradation, depleting the fraction of reactive OM. The
positive correlation between TOC contents and OML/OM ratios indicated that the decrease in TOC was linked to
reactive OM loss (Figure 3b). This is also seen in the higher OML content in Holocene permafrost compared to
Pleistocene permafrost (Figure S2 in Supporting Information S1). The relationship between TOC and reactive
OM loss has also been observed in soil samples from other mid‐ and high latitude regions (Kučerík et al., 2018).
The advanced degradation of Pleistocene permafrost was further supported by its lower C/N ratios and narrower
C/N ratio range among samples (average C/N = 11.6 ± 2.4) compared to Holocene samples (average
C/N = 27.5 ± 8.8) (Figure 3c), aligning with findings from previous studies (Gentsch et al., 2015; Weiss
et al., 2016). Lower C/N ratios in sediments may indicate a predominant organic matter source from bacteria and/
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or algae, rather than from C3 or C4 plants (Lamb et al., 2006). Additionally, a decrease in C/N ratio can also result
from microbial decomposition, which typically increases nitrogen content in soil and thus leads to lower C/N
ratios (Bianchi & Canuel, 2011; Boström et al., 2007; Lamb et al., 2006). Furthermore, the low OM thermor-
eactivity in Pleistocene permafrost could be attributed to the high proportion of mineral‐associated OM, which
was either adsorbed onto clay‐sized minerals or co‐precipitated with hydrolysable iron minerals, protecting the
OM from biodegradation (Gentsch et al., 2015; Martens et al., 2023; Salvadó et al., 2015). The δ13C values of
Pleistocene permafrost (average δ13C = − 26.4 ± 0.9‰) did not vary significantly from those of Holocene
permafrost (average δ13C = − 26.7 ± 0.8‰) (Figure 3d). Our observations differ from findings from the previous
studies on the Lena Delta and Siberian hinterlands (Gentsch et al., 2015; Schirrmeister et al., 2011; Weiss
et al., 2016), but aligns with data from the Lena Delta (Haugk et al., 2022) and the compiled terrestrial δ13C
records across Siberia (Martens et al., 2022). δ13C values in soils and sediments reflect a complex interplay
between organic matter sources and degradation processes (Bianchi & Canuel, 2011; Boström et al., 2007; Lamb
et al., 2006), which may explain the lack of a consistent pattern in δ13C across these studies. Our findings suggest
that thermoreactivity in terrestrial permafrost is more closely associated with C/N ratios than with δ13C values.
The differences in OML/OM and C/N ratios between Holocene and Pleistocene permafrost might reflect inherent

Figure 3. The percentage of labile organic matter (OML/OM) versus (a) bulk Δ14C value, (b) total organic carbon (TOC, in %
of dry weight), (c) C/N ratio, and (d) δ13C value for terrestrial permafrost samples from the Lena Delta. The OML/OM result
of Pleistocene Yedoma leachate in panel (a) includes duplicate measurements, for details see Table 1. Measurement
uncertainties for individual data points are omitted from the figure due to their relative insignificance compared to the size of
data points. For details on measurement uncertainties, see Chapter 3.
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compositional characteristics, such as differences in terrestrial permafrost types or mineral association, or could
also result from degradation on land after deposition. The latter is typically regarded to be minimal in permafrost
as its frozen state slowed microbial decomposition (Schuur et al., 2008, 2015).

Leachates from terrestrial permafrost displayed consistent Δ14C and OML/OM trends with the bulk fractions.
Within our limited data set, Pleistocene permafrost leachates exhibited lower OM thermoreactivity than Holocene
permafrost leachates (Figure 3a). Remarkably, Pleistocene Yedoma permafrost leachates showed higher Δ14C
values compared to the respective bulk materials and residual fractions after leaching (Figure 3a; Table 1; Figure
S3a in Supporting Information S1). In contrast, Holocene permafrost displayed consistent Δ14C values and OML/
OM ratios between bulk samples, leachates, and leaching residuals (Table 1; Figure S3b in Supporting Infor-
mation S1). The higher Δ14C values in the Pleistocene permafrost leachates compared to its bulk materials
suggested that in Pleistocene sediments, some DOC may have been leached downward from upper, younger
horizons (Schuur et al., 2015). This was supported by higher DOC content in Pleistocene Yedoma compared to
Holocene permafrost (Table 1).

Overall, the lower OML/OM and C/N ratios observed in Pleistocene permafrost compared to Holocene permafrost
supported our hypothesis that Pleistocene terrestrial permafrost is generally less reactive than Holocene terrestrial
permafrost (Figure 1a). These results were consistent with findings from incubation experiments of soils collected
in multiple areas from Alaska and Eurasia (Gentsch et al., 2015; Kuhry et al., 2020; Melchert et al., 2022; Schädel
et al., 2014). The higher OM reactivity of Holocene permafrost also explains observations of preferential mi-
crobial utilization of younger permafrost OM upon thawing (Melchert et al., 2022).

4.2. Spatial Variation of OM Reactivity in the Laptev Sea Surface

Significant regional differences were observed between surface sediments from the eastern Laptev Sea compared
to the central and western Laptev Sea. Eastern Laptev Sea shelf sediments exhibited significantly lower bulk Δ14C
and OML/OM values than those from the central and western Laptev Sea shelves (Figures 4a and 4c; Figure 5).
These low bulk Δ14C values aligned with previous studies (Martens et al., 2021, 2022), suggesting a higher
contribution of aged terrestrial OM, primarily from Yedoma domains including the North Siberian Islands and the
Yana River catchment (Strauss et al., 2021) (Figures 4a and 4c). The overall higher sedimentation rate in the
eastern Laptev Sea shelf relative to the central and western Laptev Sea shelves (Bauch et al., 2001; Fahl
et al., 2001; Stein & Fahl, 2004) ruled out the possibility that older, less reactive sediment resulted from lower
sedimentation rates and thus the 0− 1 cm depth sample slice represented older sediment. A higher terrestrial OM
input in the eastern Laptev Sea shelf was evident in previous studies, as indicated by higher terrestrial biomarker
(long‐chain n‐alkanes, campesterol, β‐sitosterol) contents, reduced marine biomarker (short‐chain fatty acids)
contents, and lower δ13C values (Fahl et al., 2001; Fahl & Stein, 1997; Mueller‐Lupp et al., 2000; Xiao
et al., 2013). The low OML/OM ratios in the eastern Laptev Sea (Figures 5b and 5c), despite the limited data-
points, supported that Pleistocene terrestrial permafrost contributes less reactive OM to the Laptev Sea shelf than
Holocene terrestrial permafrost (Figure 1b). This could be because of the inherently low OM reactivity of
terrestrial Pleistocene permafrost (Chapter 4.1), or the OM in the eastern Laptev Sea shelf experienced further
degradation in the water column compared to the central and western Laptev Sea, due to elevated microbial
decomposition activities in this region (Fahl et al., 2001). On top of that increased input from marine primary
production could stimulate the biodegradation activities of aged terrestrial permafrost in water column, known as
the priming effect (Tesi et al., 2014).

Across regions receiving runoff from different rivers in the central and western Laptev Sea shelf, bulk Δ14C and
OML/OM ratios were relatively uniform, indicating similar OM sources across these regions compared to the
eastern Laptev Sea (Figures 4a and 4c). Bulk δ13C values increased from east to west across the Laptev Sea shelf,
suggesting a westward gradient of increasing marine OM contributions (Fahl et al., 2001; Martens et al., 2022;
Mueller‐Lupp et al., 2000) (Figure 4b; Figure S4a in Supporting Information S1). If the terrestrial OM source
supplying materials the central and western Laptev Sea was the same as the aged terrestrial OM input to the
eastern Laptev Sea shelf, the increasing marine contribution would also result in a westward increase in Δ14C
values, as marine OM typically has higher Δ14C values than Pleistocene permafrost (Martens et al., 2022).
However, no correlation was observed between δ13C and Δ14C values in the shelf surface sediments (Figure S4b
in Supporting Information S1). The terrestrial OM contribution to the Laptev Sea shelf, reflected in maceral
compositions and rock‐eval analysis, also showed no discernible east‐west gradient (Boucsein & Stein, 2000;
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Fahl et al., 2001). These findings suggested that young radiocarbon ages (low
Δ14C values) in sediments from the central and western Laptev Sea resulted
not only from differences in marine OM contributions, but also from inputs of
younger terrestrial permafrost OM in contrast to the eastern Laptev Sea.

Coastal to offshore samples in the central and western Laptev Sea exhibited a
decreasing trend in OML/OM ratios (Figure 5a), suggesting OM decompo-
sition during cross‐shelf transport (Tesi et al., 2016; Vonk et al., 2014). Our
observations corroborate previous studies on offshore reduction in terrestrial
OM content (Boucsein & Stein, 2000; Bröder et al., 2018, 2016; Fahl &
Stein, 1997; Martens et al., 2024; Stein & Fahl, 2004; Tesi et al., 2016) and
increased biomarker degradation (Broder et al., 2016; Fahl & Stein, 1997;
Martens et al., 2024; Vonk et al., 2012). Increasing δ13C values in offshore
sediments in the Laptev Sea (Fahl et al., 2001; Mueller‐Lupp et al., 2000) may
reflect a shift toward marine OM input and/or enhanced OM degradation
during transport (Lamb et al., 2006) (Figure 4b; Figure S4a in Supporting
Information S1). If marine contributions dominated offshore OM, increases in
OML/OM ratios and elevated bulk Δ14C values would be expected, as marine
algae typically produce highly reactive OM (LaRowe et al., 2020; Middel-
burg, 2019) and exhibit higher Δ14C values than both Pleistocene and Ho-
locene permafrost (Martens et al., 2022). However, the observed decrease in
OML/OM ratios with increasing distance from the coast (Figure 5a) suggested
that terrestrial OM degradation was the dominant process influencing the
OML/OM ratios in Laptev Sea surface sediments, with limited contribution
from reactive marine OM. This interpretation is supported by maceral
composition from the Laptev Sea, which suggested that even in offshore
locations, marine OM contributions to surface sediment did not exceed 20%
(Boucsein & Stein, 2000). Additionally, the majority of marine OM is
degraded in the water column before settling onto the sea bed (LaRowe
et al., 2020; Shulga et al., 2024), with less than 0.5% of primary production in
the Laptev Sea was buried in sediments (Stein & Fahl, 2004). The relatively
stable Δ14C values across the shelf in the central and western Laptev Sea
might also indicate a limited role of marine OM input to the in‐shelf transect
(Figure 5c). Interestingly, Δ14C values show little variation with coastal
distance in this region, and a similar pattern was also observed in the Kara Sea
(Martens et al., 2022). This lack of a clear trend may result from a balance
between the aging of terrestrial OM and the input of young marine OM, or
from other local environmental factors. However, further studies are needed
to verify these inspections. Sedimentation rates can also influence marine
surface sediment bulk Δ14C values, as lower sedimentation rates may pre-
serve older records within the 0–1 cm depth interval. Nonetheless, no sys-
tematic offshore decrease in sedimentation rates was observed in the central
and western Laptev Sea (Bauch et al., 2001; Stein & Fahl, 2004), suggesting
this effect is minimal. Overall, the observed cross‐shelf decline in OML/OM
ratios is best explained by cross‐shelf terrestrial OM degradation, and less
affected by other factors potentially affecting the bulk Δ14C results. As water
depth generally correlates with coastal distance, variations in OML/OM and
δ13C ratios in surface sediments from the Laptev Sea also showed depth‐
related trends (Figure S5 in Supporting Information S1), albeit with weaker
correlations (Table S1 in Supporting Information S1). Therefore, coastal
distance was used as the primary parameter for comparison in this study.

Offshore samples from both the eastern and western Laptev Sea showed similar bulk Δ14C values and OML/OM
ratios (Figures 4a and 4c), with bulk Δ14C values higher than those from the eastern Laptev Sea shelf (Figures 5a
and 5c). This suggested that aged terrestrial OM from the eastern Laptev Sea shelf was not transported further

Figure 4. (a) The percentage of labile organic matter (OML/OM), (b) δ13C
values, and (c) radiocarbon Δ14C values of the bulk fraction from Laptev Sea
surface sediments, with dots representing data from this study and smaller
diamonds representing data from previous studies (Fahl et al., 2001; Martens
et al., 2021; Mueller‐Lupp et al., 2000). The pink region shows the extent of
the Yedoma domain (Strauss et al., 2016, 2021). Bathymetry data are
sourced from the International Bathymetric Chart of the Arctic Ocean
(IBCAO) (Jakobsson et al., 2012). The maps were created using QGIS3.22.9
(QGIS Geographic Information System. QGIS Association. https://www.
qgis.org).
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offshore, possibly due to eastward surface currents transporting material into the East Siberian Sea (Osadchiev
et al., 2020). Retention of terrestrial OM on the eastern Laptev Sea shelf was supported by low bulk δ13C values
(Mueller‐Lupp et al., 2000), high terrestrial biomarker contents (long‐chain n‐alkanes) (Fahl et al., 2001), and
dominant terrestrial‐sourced maceral compositions (Boucsein & Stein, 2000) in this region. Grain size difference
might also play a role in cross‐shelf OM thermoreactivity gradients. Low OML/OM ratios from the offshore
Laptev Sea surface sediments were associated to a lower fractional abundance of sand in sediments (Fahl
et al., 2001; Pantiukhin et al., 2019) (Figure S6 in Supporting Information S1). OM associated with fine particles
could experience longer transport distances and repeated resuspension, resulting in increased degradation (Hare
et al., 2014). In addition, plant debris retained on the inner shelf, which behaves hydraulically as sandy material,
could further explain the decrease of OM thermoreactivity in offshore sediments (Tesi et al., 2016).

It is important to note that Laptev Sea surface sediments analyzed in this study were collected between 1993 and
1995 (Fütterer, 1994; Kassens & Karpiy, 1994; Rachor, 1997), when temperature and sea level in the Arctic were
lower than today (Meredith et al., 2019). Recent warming can facilitate thermokarst development, exposing
deeper permafrost (Schuur et al., 2008). Rising sea levels can accelerate coastal erosion along the Laptev Sea
coast by increasing the fraction of inundated cliffs, making the immersed cliff more vulnerable to thermal
denudation and abrasions (Nielsen et al., 2020, 2022; Rachold et al., 2000). Rapid increase in the coastal erosion
rate along Arctic shorelines have been observed since the early to mid‐2000s (Jones et al., 2020), and is projected
to accelerate before the end of the 21st century (Nielsen et al., 2022). As a result, the Laptev Sea shelf today may
receive a higher input of terrestrial OM input from deep permafrost than indicated by our findings.

4.3. OM Reactivity in Downcore Records

In cores PS51/154 and PS51/159, the OML/OM ratios exhibited a long‐term decreasing trend from around
17.8 kyr BP at the bottom of the core to around 6 kyr BP, followed by an increase towards the most recent
sediment most pronounced in core PS51/159 (Figure S8e in Supporting Information S1). Between 12 and 6.5 kyr
BP, the Laptev Sea shelf was rapidly inundated, and the distances between paleo coastlines and sediment core
sites increased (Jakobsson et al., 2012; Klemann et al., 2015) (Figures S7 and S8b in Supporting Information S1).
As a result, OML/OM ratios in marine sediment core records might be influenced not only by OM decomposition
after burial, but also by enhanced OM decomposition due to progressively increasing transport distances across
the shelf. In cores PS51/154 and PS51/159 from the western Laptev Sea, higher OML/OM ratios were observed in
samples closer to the coast (core bottom), and OML/OM ratios decreased with increasing distance from the coast
(core tops) (Figure 7; Figures S8 and S9 in Supporting Information S1). The results suggested that low OM
thermoreactivities in downcore records were driven primarily by degradation during elevated transport distance
rather than longer post‐depositional burial time. Sedimentary environments in the western Laptev Sea have
undergone several variations since the last deglaciation. Ice‐rafted debris (IRD) was identified in cores PS51/154
and PS51/159 during periods before 16 kyr BP and after 8 kyr BP (Taldenkova et al., 2010). Extensive sea‐ice
cover and reduced terrestrial OM input were found during periods before 16 kyr BP and Younger Dryas

Figure 5. Cross plots of (a) bulk Δ14C versus distance to the nearest coast, (b) bulk Δ14C versus the percentage of labile organic matter (OML/OM), and (c) OML/OM
versus distance to the nearest coast for Laptev Sea surface sediments. Sediments near the eastern Laptev Sea (Yana River mouth and the New Siberian Islands) are
highlighted in blue. Measurement uncertainties for individual data points are omitted from the figure due to their relative insignificance compared to the size of data
point markers. See Chapter 3 for further details on measurement uncertainties.
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(Hörner et al., 2016). In addition, three distinct events of enhanced terrestrial OM input were recorded in both
sediment cores, coinciding with meltwater pulse events mwp‐1a, mwp‐1b, and the early Holocene (Hörner
et al., 2016; Lin et al., 2025) (Figure S8c in Supporting Information S1). Interestingly, these pronounced envi-
ronmental changes had minimal influence on downcore OML/OM variations in PS51/154 and PS51/159.

In downcore records, the relationships between OML/OM ratios, bulk δ13C values, and bulk Δ14Cinitial values
varied across different time periods (Figure 6). During the period of elevated shelf inundation between 12 and
6.5 kyr BP, OML/OM ratios decreased with increasing δ13C values (red diamonds in Figure 6a; Figure S8 in
Supporting Information S1). This trend resembled that observed in central and western Laptev Sea surface
sediments, where offshore sediments exhibited lower OML/OM ratios and higher δ13C values (Figure 5; black
dots in Figure 6a; Figure S4 in Supporting Information S1). Unlike the correlation observed in the Laptev Sea
surface, the δ13C and Δ14Cinitial values exhibited little correlation in the downcore record during this period of
extensive shelf inundation (Figure 6b; Figure S4b in Supporting Information S1). Given that several abrupt
terrestrial permafrost mobilization events were observed during this period (Hörner et al., 2016; Lin et al., 2025)
(Figure S8c in Supporting Information S1), the downcore Δ14Cinitial values may have been influenced not only by
increased inundation but also by potential changes in the sources of terrestrial input. In contrast, during periods of
slow inundation, an inverse correlation was observed between downcore OML/OM ratios, δ13C values, and
Δ14Cinitial values. Increased δ

13C values corresponded to elevated OML/OM ratios and higher Δ14Cinitial values
(Figure 6; Figures S8d− S8f in Supporting Information S1), pointing to higher contributions from young and
reactive marine OM. These downcore variations suggested that OM degradation during cross‐shelf transport was
the primary factor reducing OM reactivity. When transport distances remained relatively stable, enhanced marine
primary productivity contributed younger and more reactive OM into shelf sediments, potentially caused by the
warming during the last deglaciation and the Holocene (North Greenland Ice Core Project members, 2004)
(Figure S8a in Supporting Information S1).

4.4. OM Degradation During Transport and Burial

In Laptev Sea surface sediments and marine sediment cores, we calculated the intercept of the linear OML/OM
regression versus coastal distance, to estimate the theoretical OML/OM ratio at zero transport distance (Figure 7;
Table 2). This approach eliminated the impact of degradation during cross‐shelf transport. Marine sediment core
data from the period of rapid shelf inundation rate were selected for the calculation, to eliminate the potential
impact from temporal variations of marine primary production. Results calculated from full downcore records

Figure 6. Cross plots of (a) the percentage of labile organic matter (OML/OM) versus stable carbon isotope (δ13C) values and
(b) δ13C values versus radiocarbon isotope (Δ14C) values in bulk sediments from the central and western Laptev Sea surface
(dots) and cores PS51/154 and PS51/159 (diamonds). For the downcore records, the Δ14C values are presented as the values
at the time of sediment deposition (Δ14Cinitial). Samples from cores PS51/154 and PS51/159 are color‐coded based on periods
with different shelf inundation rates (details in Figure S8 of Supporting Information S1). Measurement uncertainties for
individual data points are omitted due to their relative insignificance compared to the size of the data point markers. See
Chapter 3 for further details on measurement uncertainties.
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were listed in Table 2 for comparison, and the difference between the selected period and the full record was
insignificant. A rapid decrease in OML/OM ratios was observed between terrestrial permafrost and marine surface
sediments, with a more pronounced decrease for Holocene terrestrial permafrost (23%) compared to Pleistocene
terrestrial permafrost (8%) (Table 2; Figure 7). The initial reactive OM loss likely reflected the rapid degradation
of reactive OM pools, with degradation rates declining over time as these pools are depleted (Schuur et al., 2015).
The variation in OML/OM ratios between coastal and offshore surface sediments in the Laptev Sea was relatively
minor (Figure 7), suggesting that the majority of reactive OM decomposed near the coast shortly after entering the

Figure 7. Percentage of labile organic matter (OML/OM) versus coastal distance. Crosses represent averages for Holocene
(green) and Pleistocene (brown) terrestrial permafrost from the Lena Delta, with coastal distance set to zero. Circles represent
Laptev Sea surface sediments, with samples near the Yana River mouth and the New Siberian Islands highlighted in blue.
Diamonds represent results from marine sediment cores PS51/154 (purple) and PS51/159 (orange) from the period of rapid
shelf inundation (12–6.5 kyr BP, detail in Figure S8 of Supporting Information S1, full data in Figure S9 of Supporting
Information S1). Coastal distances for marine sediment cores were calculated based on paleo coastlines derived from paleo
sea levels at the time of deposition (Klemann et al., 2015), assuming modern isobaths approximate paleo coastlines
(Jakobsson et al., 2012). Gray lines represent linear regressions for Laptev Sea surface sediments (excluding samples from
the Yana River and New Siberian Islands) and downcore records. Shaded gray bars show the 1σ confidence intervals for the
regression lines. Measurement uncertainties for OML/OM ratios in surface sediments and downcore records are omitted due
to their insignificance (uncertainties are smaller than the data point markers). For further information, see Chapter 3.

Table 2
Average Content of Labile Organic Matter (OML/OM) in Terrestrial Permafrost and Extrapolated OML/OM to a Coastal
Distance of Zero (CD0) in Marine Surface Sediment and Downcore Records

Samples n OML/OM (%) CD0 OML/OM (%)

Holocene terrestrial permafrost 21 58.6 ± 9.1

Pleistocene terrestrial permafrost 17 43.4 ± 5.0

Laptev Sea surface sediment 25 34.1 ± 0.8 (p > 0.05)

Laptev Sea surface sediment (excluding New Siberian Islands) 21 35.6 ± 0.6 (p < 0.05)

Downcore records 106 29.0 ± 0.2 (p < 0.05)

Downcore records (12− 6.5 kyr BP) 55 29.5 ± 0.2 (p < 0.05)

Note. For terrestrial permafrost, the OML/OM ratio was calculated as the mean across all samples±1σ standard deviation. For
marine surface sediments and downcore records, the CD0 OML/OM ratio was derived from the intercept of the linear
regression between OML/OM and coastal distance for each data point, representing the theoretical OML/OM value at zero
coastal distance. Uncertainties are expressed as the standard error of the intercept.
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sea shelf. This finding aligned with previous studies reporting rapid degradation of particulate OM during fluvial
transport (Mann et al., 2015; Spencer et al., 2015), near‐coastal shelf zones (Gershelis et al., 2020; Smeaton &
Austin, 2022; Tanski et al., 2019; Tesi et al., 2014, 2016), and in the marine water column (Shulga et al., 2024). A
decreasing trend in OML/OM ratios with increasing distance from the coast has also been observed in other mid‐
latitude regions, including the Atlantic coast of Spain (Lopez‐Capel et al., 2006) and the Scottish coast (Smeaton
& Austin, 2022). The latter study additionally reported rapid degradation of thermoreactive OM in nearshore
sediments. Compared to our findings, the magnitude of OML/OM decline from coastal to offshore samples ap-
pears greater in these mid‐latitude regions. For example, OML/OM decreased from 44% to 19% off the Atlantic
coast of Spain, and from 35 ± 13% inshore to 19 ± 11% offshore along the Scottish coast (Lopez‐Capel
et al., 2006; Smeaton & Austin, 2022). In contrast, the highest and the lowest OML/OM ratios in our coastal and
offshore Laptev Sea samples were 38% and 30%, indicating a more moderate cross‐shelf decline (Figure 7). This
difference may be attributed to higher microbial activity in warmer mid‐latitude environments, which enhance
OM degradation (Gonzalez et al., 2015), or could be a result of regional variations in microbial community
composition and environmental conditions.

An additional OML/OM decrease by 6% was observed between marine surface and downcore sediments (Table 2;
Figure 7). The OML/OM decrease between the marine surface records and the downcore records might be caused
by the intensified biodegradation in the oxic sediment layer in the surface sediments, as previous studies found
rapid biodegradation happens within the topmost 1 cm of Laptev Sea sediment (Arndt et al., 2013; Kassens, 1997;
Shulga et al., 2024). Alternatively, the higher OML/OM ratios in the surface sediments could result from higher
marine OM contribution compared to the 12–6.5 kyr BP period recorded in the downcore records, due to the
increasing marine primary production at the coring location in the late Holocene (Hörner et al., 2016).

5. Conclusions
Our findings in TGA confirmed that Pleistocene permafrost contains less reactive OM than Holocene permafrost,
as reflected in both bulk and leachate fractions. Spatial difference of marine surface sediment OM thermor-
eactivity was found between the eastern from the central and western Laptev Sea shelves. The low OM ther-
moreactivity in the eastern Laptev Sea shelf likely resulted from higher contributions of aged, less reactive OM
from Pleistocene permafrost and a higher bioactivity in this region, which might enhance OM biodegradation. In
contrast, the central and western Laptev Sea shelves received more terrestrial input from Holocene permafrost,
and offshore decreases in OM thermoreactivity in these regions were primarily attributed to terrestrial OM
degradation during cross‐shelf transport. Marine contributions appeared to have a limited impact on the OM
thermoreactivity change of surface sediments in the Laptev Sea, compared to the degradation during transport.
Changes in OML/OM ratios revealed a rapid decrease of thermoreactive OM in near‐coastal regions, compared to
the OML/OM decrease from the coast in Laptev Sea surface sediments. Our findings suggest that once permafrost
thaws, the majority of its reactive carbon is likely to re‐enter the active carbon cycle within a relatively short time,
either on land or near shore. Subsequent degradation during cross‐shelf transport and burial is less pronounced,
though not negligible. To better understand the impacts of elevated inputs of aged terrestrial permafrost on OM
degradation rates, further studies on the decomposition of aged permafrost in marine water columns are needed.
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