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Abstract
Arctic warming is expected to trigger large-scale environmental change including remobilization of terrestrial organic
carbon (terrOC). Permafrost and peatland systems contain more than twice as much carbon as the atmosphere, and
may upon destabilization expose large amounts of their carbon to microbial decomposition and release climate-forcing
greenhouse gases (GHG). Remobilization of terrOC also causes lateral leakage of organic matter via Arctic rivers with
further translocated organic matter degradation and GHG release, while a remainder is exported to the Arctic Ocean and re-
deposited in sediments. Arctic Ocean sediments are thus receptors of terrOC remobilization for a large part of the circum-
Arctic drainage basin, and offer an archive to study past terrOC remobilization, e.g. during warming periods of the last
deglaciation.

This thesis investigates terrOC in Arctic Ocean sediments to study OC remobilization from permafrost and other
terrestrial systems across temporal and spatial scales. As a first – historical – approach, permafrost OC remobilization and
degradation during past warming episodes are studied using OC, dual-isotope source apportionment (13C-OC; 14C-OC)
and terrestrial biomarkers (lignin phenols, long-chained n-alkanes and n-alkanoic acids) in glacial-cycle sediment cores
from the Siberian continental margin. The results reveal that permafrost systems were highly vulnerable to OC release
throughout past warming events, foremost during the Bølling–Allerød (14.7-12.9 kyr before present - BP) warming period
and the early Holocene climate optimum (11.7-7.5 kyr BP). The sediment record shows that climate warming of about 1°C
and 1.5°C (Northern Hemisphere) then triggered large-scale thawing of mostly coastal permafrost and permafrost soils in
the Siberian hinterland. These results are consistent with the hypothesis that large-scale permafrost OC remobilization may
have contributed to the observed rise in atmospheric CO2 during the last deglaciation, and thereby stresses the importance
of permafrost thawing in the light of anthropogenic climate change.

The second – spatial – study angle in this thesis investigates the contemporary Earth system and studies terrOC
remobilization from permafrost and other terrestrial sources using terrOC accumulation in surface sediments of the
circum-Arctic shelf seas. This includes establishment and application of the Circum-Arctic Sediment Carbon Database
(CASCADE), which is a data collection of thousands of observations of OC, 13C-OC, 14C-OC and terrestrial biomarkers
from the published literature and yet-unpublished records. This offers the opportunity to study large-scale remobilization
of terrOC in the circum-Arctic by integrating input from terrOC sources over large areas. Mass accumulation rates of
the different terrOC sources (by 210Pb dating and dual-isotope source apportionment of OC) reveal that surface (incl.
permafrost) soils remobilize more than twice as much terrOC as coastal erosion of old Pleistocene permafrost. Furthermore,
vulnerabilities of terrOC stocks to large-scale remobilization are discussed, which suggests permafrost soils to be the most
vulnerable terrOC pool to remobilization by climate warming.

This thesis highlights the vulnerability of terrOC stores to Arctic warming over time and space, and thus contributes to
a better understanding of climate-carbon couplings in the Earth system.
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Abstract 

 Arctic warming is expected to trigger large-scale environmental change 
including remobilization of terrestrial organic carbon (terrOC). Permafrost 
and peatland systems contain more than twice as much carbon as the 
atmosphere, and may upon destabilization expose large amounts of their 
carbon to microbial decomposition and release climate-forcing greenhouse 
gases (GHG). Remobilization of terrOC also causes lateral leakage of organic 
matter via Arctic rivers with further translocated organic matter degradation 
and GHG release, while a remainder is exported to the Arctic Ocean and re-
deposited in sediments. Arctic Ocean sediments are thus receptors of terrOC 
remobilization for a large part of the circum-Arctic drainage basin, and offer 
an archive to study past terrOC remobilization, e.g. during warming periods 
of the last deglaciation. 

This thesis investigates terrOC in Arctic Ocean sediments to study OC 
remobilization from permafrost and other terrestrial systems across temporal 
and spatial scales. As a first – historical – approach, permafrost OC 
remobilization and degradation during past warming episodes are studied 
using OC, dual-isotope source apportionment (13C-OC; 14C-OC) and 
terrestrial biomarkers (lignin phenols, long-chained n-alkanes and n-alkanoic 
acids) in glacial-cycle sediment cores from the Siberian continental margin. 
The results reveal that permafrost systems were highly vulnerable to OC 
release throughout past warming events, foremost during the Bølling–Allerød 
(14.7-12.9 kyr before present - BP) warming period and the early Holocene 
climate optimum (11.7-7.5 kyr BP). The sediment record shows that climate 
warming of about 1°C and 1.5°C (Northern Hemisphere) then triggered large-
scale thawing of mostly coastal permafrost and permafrost soils in the Siberian 
hinterland. These results are consistent with the hypothesis that large-scale 
permafrost OC remobilization may have contributed to the observed rise in 
atmospheric CO2 during the last deglaciation, and thereby stresses the 
importance of permafrost thawing in the light of anthropogenic climate 
change.  

The second – spatial – study angle in this thesis investigates the 
contemporary Earth system and studies terrOC remobilization from 
permafrost and other terrestrial sources using terrOC accumulation in surface 
sediments of the circum-Arctic shelf seas. This includes establishment and 
application of the Circum-Arctic Sediment Carbon Database (CASCADE), 
which is a data collection of thousands of observations of OC, 13C-OC, 14C-
OC and terrestrial biomarkers from the published literature and yet-
unpublished records. This offers the opportunity to study large-scale 
remobilization of terrOC in the circum-Arctic by integrating input from 
terrOC sources over large areas. Mass accumulation rates of the different 
terrOC sources (by 210Pb dating and dual-isotope source apportionment of OC) 



reveal that surface (incl. permafrost) soils remobilize more than twice as much 
terrOC as coastal erosion of old Pleistocene permafrost. Furthermore, 
vulnerabilities of terrOC stocks to large-scale remobilization are discussed, 
which suggests permafrost soils to be the most vulnerable terrOC pool to 
remobilization by climate warming.  

This thesis highlights the vulnerability of terrOC stores to Arctic warming 
over time and space, and thus contributes to a better understanding of climate-
carbon couplings in the Earth system. 
 
  



Sammanfattning 

Uppvärmningen av Arktis till följd av klimatförändring förväntas utlösa 
storskaliga miljöförändringar, varav remobilisering av markbundet organiskt 
kol (terrOC, från engelskans terrestrial organic carbon) är en stor komponent. 
Permafrost och torvmark innehåller mer än dubbelt så mycket kol som 
atmosfären och destabilisering av dessa system exponerar det organiska 
materialet för mikrobiell nedbrytning, med påföljande utsläpp av 
klimatpåverkande växthusgaser. Mobiliseringen av organiskt material innebär 
också frisättning och transport av kol i de arktiska floderna samt ytterligare 
nedbrytning och utsläpp av växthusgaser under transportens gång. En viss del 
av materialet kommer nå Arktiska oceanen och avlagras i de marina 
sedimenten, vilka således är representativa för det organiska materialet i de 
arktiska avrinningsområdena. Dessa sediment kan därför utnyttjas som arkiv 
för att studera den historiska frisättningen av kol genom nuvarande och 
tidigare uppvärmning, såsom efter senaste istiden. 

Denna avhandling fokuserar på terrOC i sediment från Arktiska oceanen 
för att utforska remobilisering av kol från permafrost och andra terrestriska 
system i Arktis. Frisättningen har kartlagts såväl historiskt – dvs. över tid - 
som rumsligt. Tidigare perioder av uppvärmning har studerats genom analys 
av kolisotoper (13C; 14C) och molekylära markörer (lignin, alkaner, fettsyror) 
i sedimentkärnor från sibiriska kontinentalsockeln. Resultaten visar betydande 
frisättning av kol från tinande permafrost under värmeperioden Bølling–
Allerød (14.7-12.9 ka sedan) och under tidig Holocen (11.7-7.5 ka sedan). 
Under dessa perioder ökade medeltemperaturen med cirka 1°C till 1.5°C (i 
norra halvklotet) och utlöste tining av permafrost genom kusterosion och 
tinande permafrost i sibiriska inlandet. Detta bekräftar den tidigare hypotesen 
att tinande permafrost under historiska uppvärmningsperioder även bidrog till 
koldioxidökning i atmosfären, vilket syns i antarktiska iskärnor för den tiden, 
och visar på betydelsen av tinande permafrost för det nuvarande 
klimatsystemet.  

 Det andra (rumsliga) forskningsperspektivet i denna avhandling syftar 
till att förstå frisättningen av terrOC i det mer recenta klimatet genom analys 
av organiskt kol i ytsediment från arktiska kontinentalsockeln. För denna, och 
för kommande tillämpningar har en ny databas etablerats (CASCADE, på 
engelska Circum-Arctic Sediment Carbon Database) med tusentals 
publicerade och opublicerade data för organiskt kol, kolisotoper (13C; 14C) och 
molekylära markörer i sediment från Arktiska oceanen. CASCADE möjliggör 
studier kring storskalig frisättning av kol i Arktis tack vare att sedimenten 
integrerar molekylära signaler från stora arealer (t.ex. avrinningsområdena för 
de stora ryska floderna). Kombinationen av 210Pb-datering, för beräkning av 
sedimentationshastighet, och analys av den relativa andelen terrOC från olika 
terrestriska källor visar att terrestrisk permafrost är den största källan av 



organiskt kol till Arktiska oceanen, med dubbla frisättningen jämfört med 
kusterosion av permafrost. Detta, taget tillsammans med totala mängden 
organiskt kol i olika terrestriska kolinlagringar, indikerar att permafrosten är 
den komponent i terrOC som är allra mest känslig för uppvärmning till följd 
av klimatförändring.  

Sammantaget belyser denna avhandling hur känsliga de arktiska lagren av 
organiskt kol är med avseende på tidigare och nuvarande klimatförändringar, 
och tillför en bättre förståelse av potentiella tröskelnivåer eller tipping points 
i klimatsystemet.  
  



Zusammenfassung 

 Die Erwärmung der Arktis führt mit hoher Wahrscheinlichkeit zu 
weitreichenden Umweltveränderungen und zur Freisetzung von Kohlenstoff, 
der in arktischen Permafrostböden und Torflandschaften gebunden ist. 
Arktische Ökosysteme enthalten mehr als doppelt so viel Kohlenstoff wie die 
Atmosphäre und könnten infolge einer möglichen Destabilisierung große 
Kohlenstoffmengen zum mikrobiellen Abbau freigeben. Dies hätte die 
Emission klimaschädlicher Treibhausgase und eine Verstärkung des 
Klimawandels zur Folge. Eine solche „Remobilisierung“ oder Kohlenstoff-
mobilisierung führt auch zu lateralem Transport und zur Verteilung 
organischen Materials in arktischen Flusssystemen. Dabei kommt es zu 
weiterem Abbau organischer Materie während des Transports und zum Export 
in den Arktischen Ozean, wo ein Rest des Materials in Meeressedimenten 
abgelagert wird. Arktische Meeressedimente enthalten daher Information über 
Kohlenstoffmobilisierung eines Einzugsgebiets, welches sich über weite Teile 
der Arktis erstreckt. Dies ermöglicht die Erforschung von 
Kohlenstofffreisetzungen in der Arktis infolge aktueller und ehemaliger 
Erwärmungsereignisse.  

Diese Doktorarbeit untersucht die Mobilisierung terrigenen Kohlenstoffs 
aus Permafrost und anderen Kohlenstoffspeichern anhand von Meeres-
sedimenten des Arktischen Ozeans im historischen und räumlichen Kontext. 
Im historischen Forschungsansatz wird die Freisetzung und der Abbau von 
organischem Material aus auftauendem Permafrost infolge ehemaliger 
Erwärmungsphasen rekonstruiert, beispielsweise während der Deglaziation 
am Ende der  Eiszeit letzten Rekonstruktion. Diese  aufbasiert  
Kohlenstoffkonzentrationen, Kohlenstoffisotopen (13C und 14C) und
terrigenen Biomarkern (Lignin, Alkane, Fettsäuren), die in Sedimentkernen 
des sibirischen Kontinentalrandes gemessen wurden. Die Ergebnisse deuten 
auf die Freisetzung von Kohlenstoff aus Permafrost hin, etwa während der 
Klimaerwärmung im Bølling-Allerød-Interstadial (14,7-12,9 ka vor heute – 
v.H.) oder im Frühholozän (11,7-7,5 ka v.H.). Zu diesen Ereignissen erwärmte 
sich das Klima der Nordhemisphäre jeweils um 1°C und 1.5°C und 
begünstigte die Erosion von Permafrost entlang der Arktischen Küstenlinien 
und das Auftauen von Permafrostböden im sibirischen Hinterland. Die 
Ergebnisse dieser Doktorarbeit unterstützen eine Hypothese, nach der die 
Freisetzung von Kohlenstoff am Ende der letzten Eiszeit auch zum Anstieg 
der atmosphärischen CO2-Konzentrationen beigetragen hat. Dies verdeutlicht 
die Wichtigkeit von auftauendem Permafrost im Kontext des aktuellen 
Klimawandels.  

In einem zweiten Ansatz erforscht diese Arbeit auch das moderne 
Erdsystem. Der zweite Teil der Arbeit fokussiert den Eintrag terrigenen 
Kohlenstoffs in Oberflächensedimenten arktischer Schelfmeere durch 



auftauenden Permafrost und anderer landbasierter Kohlenstoffquellen. Diese 
Forschungsrichtung stützt sich auf eine neue Datenkollektion (CASCADE 
engl. für Circum-Arctic Sediment Carbon Database), die Tausende Einträge 
zu Kohlenstoffkonzentrationen, Kohlenstoffisotopen (13C und 14C) und 
terrigenen Biomarkern aus bereits publizierten, aber auch bislang nicht 
publizierten Quellen beinhaltet. Die CASCADE ermöglicht es fortan, den 
Kohlenstoffeintrag repräsentativ für große Teile der Arktis zu erforschen. 
Dazu wurden Sedimentationsraten mithilfe der 210Pb-Datierungsmethode 
bestimmt und der Anteil verschiedener Kohlenstoffquellen zum 
Gesamtkohlenstoff in den Sedimenten berechnet. Hierbei stellt sich heraus, 
dass ein Großteil des terrigenen Kohlenstoffeintrags des Arktischen Ozeans 
aus Arktischen Böden stammt. Arktische Böden setzten damit etwa doppelt 
so viel Kohlenstoff frei wie durch Küstenerosion älterer Permafrost-
ablagerungen. Unter Berücksichtigung der in den Böden gespeicherten 
Kohlenstoffmengen stellt sich zudem heraus, dass Permafrostböden einer 
Erwärmung gegenüber am anfälligsten zur Kohlenstofffreisetzung sind.  

Mit dieser Doktorarbeit werden die Empfindlichkeiten von Kohlenstoff-
speichern in der Arktis anhand von historischen und räumlichen 
Erwärmungsmustern aufgezeigt. Die Ergebnisse dieser Arbeit tragen zu einem 
besseren Verständnis von Schwellenwerten und möglichen Kipppunkten im 
Erdsystem im Kontext der Klimaerwärmung bei.  
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Objectives of thesis project 

 This thesis investigates the remobilization of terrestrial organic carbon 
(terrOC) from permafrost and other deposits by analysis of marine sediments 
in the Arctic Ocean across spatial and temporal scales. Using carbon isotopes 
and biomarkers, this study characterizes source, degradation and 
accumulation of terrOC in Arctic Ocean sediments. This provides information 
about carbon cycling in the circum-Arctic drainage basin and offers insights 
in past and contemporary terrOC remobilization in response to climate 
warming.  
 
The overarching study objectives are: 
 

• Expand the observational record of permafrost OC remobilization 
during rapid warming periods of the last deglaciation by investigating 
sediment cores along the East Siberian continental margin (Paper I and 
II).  
 

• Extend the temporal resolution and observational record of permafrost 
OC remobilization to previously unstudied warming periods before the 
early Holocene onset (11.7 kyr before present; Paper I and II) to cover 
the entire deglaciation (17.5-7.5 kyr before present).  
 

• Discuss remobilization of permafrost OC during past warming periods 
to provide a reference about potential climate-carbon feedback in the 
Earth system in the light of anthropogenic climate change (Paper II).  

 
• Create a new and publicly available database to assimilate and 

harmonize published and yet-unpublished data about OC, total 
nitrogen, OC isotopes and terrestrial biomarkers in circum-Arctic shelf 
sediments (Paper III).  
 

• Establish a holistic understanding of terrOC remobilization in the 
circum-Arctic by studies of the different terrOC sources and 
accumulation in the shelf sea receptors (Paper IV).  
 

• Expand the knowledge about vulnerabilities of permafrost and other 
terrOC compartments to large-scale remobilization in the circum-
Arctic (Paper IV) by comparing terrOC stocks with the receptor-based 
perspective on terrOC remobilization. 
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Abbreviations 

AL (Permafrost) active layer  

C Cinnamyl 

CASCADE Circum-Arctic Sediment Carbon Database 

CH4 Methane 

CO2 Carbon dioxide 

ESAS East Siberian Arctic Shelf 

GC-MS Gas chromatography with mass spectrometry 

GHG Greenhouse gases 

HMW High molecular weight 

ICD Ice Complex Deposits 

I-CRI Integrated carbon remobilization index 

LGM Last Glacial Maximum 

MAR Mass accumulation rates 

MCMC Markov chain Monte Carlo 

N2O Nitrous oxide 

OC Organic carbon 

S Syringyl 

SurfSoil Surface soil 

terrOC Terrestrial organic carbon 

TN Total nitrogen 

V Vanillyl 
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1. Introduction 

1.1 Arctic carbon cycling in a changing climate 
The Arctic is warming at rates twice as fast as the global average (AMAP, 

2017), with temperature increase up to 3°C over the past five decades (NASA; 
IPCC, 2019). Permafrost soils and other ice-rich sediments are particularly 
vulnerable to warming, as these compartments are stabilized by sub-zero 
ground temperatures. Recent warming trends in the Arctic have caused 
warming of permafrost by about 0.3°C per decade (Biskaborn et al., 2019), a 
trend that is expected to continue and accelerate in the future. With a total pool 
of 1,400 Pg organic carbon (OC; Hugelius et al., 2014), permafrost stores 
about twice the amount of the atmospheric pool of carbon (IPCC, 2019). If a 
part of that enormous OC pool is released, e.g. through permafrost thawing, 
this might have large consequences to the global climate system.  

 
Permafrost thawing may affect the global climate system if parts of the OC 

are mineralized to climate-forcing greenhouse gases (GHG; e.g., CO2, CH4, 
N2O). One mechanism how this might happen is the deepening of the 
seasonally-thawed permafrost active layer (AL). Local observations combine 
to show significant deepening of the permafrost AL in parts of Siberia and 
Alaska in response to Arctic warming (Oelke et al., 2004; AMAP, 2017; 
Romanovsky et al., 2019). The total permafrost area is expected to shrink by 
about 4 million km2 per °C global warming, along with a northward shift of 
the permafrost zone and disappearance of permafrost in the Subarctic 
(Chadburn et al., 2017). These gradual processes of permafrost thawing will 
stimulate microbial decomposition of previously-frozen organic material to 
GHGs. However, it is unknown if permafrost OC remobilization by AL 
deepening or reduction of the permafrost area automatically cause net CO2 
increase in the atmosphere. Arctic warming also stimulates a landscape 
transition and results in biomass gains of vegetation that might (partly) 
counterbalance GHG emissions (McGuire et al., 2018; Natali et al., 2019). 
This illustrates only few of a series of large uncertainties that remain in our 
understanding about pathways of permafrost OC remobilization and 
functioning of carbon exchange within and between the different Earth system 
compartments. Limited system understanding is also superimposed by the 
large heterogeneity in the Arctic, with large gradients of climate and 
ecosystems, as well as very limited field access over its enormous areas.  
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A second important pathway of OC remobilization is abrupt thawing of 
permafrost. Some permafrost sediments are particularly vulnerable to rising 
temperatures due to large volumes of ground ice. This group of permafrost 
deposits comprise the so-called Ice Complex Deposits (ICD; often referred to 
the Yakutian term Yedoma; Fig. 2), which are characteristic for northeastern 
Siberia, Alaska and northwestern Canada, and formed during the last glacial 
period (Zimov et al., 2006; Schirrmeister et al., 2013). Ground ice melting 
causes ground subsidence, also called thermokarst, and structural collapse of 
ICD (Grosse et al., 2013). This may happen rapidly and could quickly 
remobilize large amounts of OC, leading to microbial mineralization and 
GHG emissions (Turetsky et al., 2020). Along the Arctic coastlines and 
riverbanks, ICD is particularly prone to thermo-erosion and remobilizes 
already today about 14 Tg yr-1 OC to the Arctic Ocean (Fritz et al., 2017). It 
is estimated that ICD store about 213 Pg of OC (Strauss et al., 2017), of which 
abrupt thaw processes may remobilize 42-141 Pg OC by the end of the century 
under current rates of climate warming (Schneider Von Deimling et al., 2015). 
Abrupt permafrost thawing is therefore considered a possible “tipping point” 
in the climate system, as it may quickly remobilize vast amounts of OC, 
putatively followed by GHG release. However, the abruptness of this OC 
remobilization pathway is only poorly understood and makes such thaw 
processes challenging to predict in climate models.  
 

Permafrost thawing – by AL deepening or by abrupt processes – not only 
causes microbial degradation and GHG production on site (Fig. 1), but also 
liberates a part of the OC to Arctic streams, rivers and ultimately the Arctic 
Ocean (Guo et al., 2004; McClelland et al., 2004; Vonk et al., 2015). Fluvial 
transport of terrestrial OC (terrOC) includes further translocated degradation 
and possible GHG release from river networks (Raymond et al., 2013; 
Serikova et al., 2018; Karlsson et al., 2021) and delivery of terrOC to the vast 
continental shelves of the Arctic Ocean (Guo et al., 2004; Gustafsson et al., 
2011; Vonk et al., 2012). Key receptor of terrOC in the Arctic Ocean is the 
East Siberian Arctic shelf (ESAS; Fig. 2), which alone accounts for more than 
50% of the shelf area (Jakobsson, 2002). Terrestrial OC in the shelf system 
leads to further degradation, ocean acidification (Semiletov et al., 2016), and 
potentially net CO2 emissions to the atmosphere (Anderson et al., 2009; Alling 
et al., 2010), while a remnant of the terrOC is re-buried in Arctic Ocean 
sediments (Vonk et al., 2012, 2014; Bröder et al., 2018). The lateral transport 
pathway of permafrost OC release is, to the present day, not considered by any 
Earth system model as it is regarded comparatively small to inland 
remobilization and mineralization of permafrost OC. Nevertheless, lateral 
export of terrOC is inherently connected with the Arctic carbon cycle, and 
affects OC and nutrient cycling in Arctic rivers and the Arctic Ocean at a 
large-scale (Semiletov et al., 2016; Terhaar et al., 2021), with increasing 
importance in a warming climate.  
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Figure 2: The Arctic Ocean and the circum-Arctic permafrost region. Brown shades illustrate the 
zonation of the permafrost region (Obu et al., 2019), while orange areas indicate confirmed 
locations of Ice Complex deposits (ICD; Strauss et al., 2017). The seven abbreviated shelf seas are 
the Canadian Arctic Archipelago (CAA), Beaufort Sea (BFS), Chukchi Sea (CS), East Siberian Sea 
(ESS), Laptev Sea (LS), Kara Sea (KS), Barents Sea (BS). Furthermore, the Barents, East Siberian 
and Russian Chukchi seas form the East Siberian Arctic Shelf (ESAS). Bathymetry from GEBCO 
(2019).  
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The Arctic Ocean is the main receptor of sediments and OC for a large 
footprint area, which integrates OC release from various sources over large 
parts of the circum-Arctic permafrost region (Guo et al., 2004; Gustafsson et 
al., 2011). Bulk OC isotope ratios (δ13C; Δ14C) and terrestrial biomarkers in 
circum-Arctic shelf sediments contain OC from mixed sources, which can 
qualitatively and quantitatively be allocated to permafrost AL, ICD or peat 
deposits by the isotopic fingerprint (e.g., Vonk et al., 2012; Goñi et al., 2013; 
Karlsson et al., 2016). Laterally-transported permafrost OC in Arctic Ocean 
sediments thereby provides an integrated receptor signal to trace inland and 
coastal remobilization of permafrost OC and permits studies of large-scale 
permafrost OC remobilization.  

 
This thesis utilizes transported permafrost OC in Arctic Ocean sediments 

to improve the understanding of how climate warming triggers large-scale 
permafrost OC remobilization and affects carbon cycling in the Arctic. Two 
contrasting study approaches are followed and explore permafrost OC 
remobilization over different scales, by i) reconstruction of permafrost OC 
release during past warming events using sediment cores from the Arctic 
Ocean; and ii) studies of permafrost and terrOC vulnerabilities to 
remobilization within the circum-Arctic drainage basin deduced from terrOC 
accumulation in surface sediments of the Arctic Ocean shelves.  
  



5 

1.2 Past-modern analogues of permafrost carbon 
remobilization (paper I and II) 
 One way to study the vulnerability of Arctic permafrost systems to climate 
warming-induced OC remobilization is to study such phenomena during past 
warming events. The transition from the Last Glacial Maximum (LGM; 20.5-
19 kyr before present – BP; Clark et al., 2009) to the current interglacial, a 
period often referred to as the last deglaciation, represents a temperature 
increase by about 3.5°C in the Northern Hemisphere (Shakun et al., 2012) and 
a rise in atmospheric CO2 concentrations by 80 ppm or 200 Pg carbon (Fig. 3; 
Schmitt et al., 2012; Marcott et al., 2014). Warming occurred in a series of 
episodes, such as during i) the Bølling–Allerød warming period (14.7-12.9 kyr 
BP; Rasmussen et al., 2006), which was terminated by the ii) Younger Dryas 
cold period (12.9-11.7 kyr BP; Carlson, 2013), until iii) the early Holocene 
warming and Holocene climate optimum (11.7-7.5 kyr BP; e.g., Swann et al., 
2010). Throughout these periods, the large continental ice sheets decayed and 
global sea-level rose by ~134 m (Lambeck et al., 2014). There is also 
increasing evidence that the last deglaciation caused major reorganization of 
the Arctic permafrost region, including the northward shift of the permafrost 
boundary (Lindgren et al., 2016). Furthermore, the deglacial sea level rise 
might have (partially) destroyed permafrost that occupied the then-dry ESAS 
(Fig. 4), which likely was covered by ICD over large areas (Romanovskii et 
al., 2000, 2004), and putatively held hundreds of Pg ICD-OC during the LGM 
(Strauss et al., 2017; Lindgren et al., 2018).  

 
There are major unknowns in our understanding of the global carbon cycle 

during the last deglaciation. The rise in atmospheric CO2 between 17.5-11.7 
kyr BP observed in ice cores likely associates to large parts with venting of 
old ocean bottom water from the Southern Ocean (Marcott et al., 2014; Bauska 
et al., 2018, 2021). Yet, isotopic excursions of the atmospheric CO2 alongside 
of its rise imply large emissions of 13C and 14C depleted CO2 at that time (Fig. 
3) and are hard to explain with oceanic sources alone (Schmitt et al., 2012; 
Köhler et al., 2014). Permafrost OC may well fulfill these isotopic criteria to 
explain the atmospheric 13C-CO2 and 14C-CO2 anomalies (Ciais et al., 2012; 
Köhler et al., 2014; Crichton et al., 2016; Winterfeld et al., 2018). Modeling 
studies have therefore suggested that permafrost thawing with remobilization 
of OC and net emissions of GHG might have significantly influenced the 
global carbon cycle during the last deglaciation (Ciais et al., 2012; Köhler et 
al., 2014; Crichton et al., 2016). However, there are only very few direct 
observations of past permafrost OC remobilization for the Arctic (Tesi et al., 
2016; Keskitalo et al., 2017), where the presumably largest part was 
remobilized.  
 



6 

 
Figure 3: The paleoclimate, atmospheric and sea-level record of the lasts 28 kyr. 
Shown are a) the δ18O of the Greenland ice core record (NGRIP, 2004); b) 
temperature reconstructions for the Northern Hemisphere (Shakun et al., 2012); c) 
atmospheric CO2 concentrations, d) δ13C-CO2 from Antarctic ice cores (Schmitt et al., 
2012), as well as e) the reconstructed global sea-level (Lambeck et al., 2014). The 
abbreviated climate periods are PB – Preboreal; YD – Younger Dryas; BA - Bølling–
Allerød; HS-1 – Heinrich stadial 1; LGM – Last Glacial Maximum; and Dansgaard-
Oeschger event 3 – DO-3. Figure adapted from Martens et al. (2019, 2020a). 

 
Previous studies offer some early insight into permafrost OC 

remobilization during the last deglaciation. A study by Tesi et al. (2016) 
provided the first evidence for large-scale permafrost thawing and OC 
remobilization during the early Holocene (~11.7 kyr BP) based on a sediment 
core from the Laptev Sea (PC-23; Fig. 4). Therein, Tesi et al. (2016) applied 
dual-isotope (13C; 14C) source apportionment of sediment OC to show that OC 
remobilization from permafrost AL was about one order of magnitude higher 
during the last deglaciation than today. Another record from the East Siberian 
Sea (GC-58; Fig. 4) suggests that permafrost OC remobilization during the 
Holocene climate optimum was facilitated mostly by coastal erosion of ICD 
(9.5-8.2 kyr BP; Keskitalo et al., 2017). This fits into the picture that shelf-
based ICD was, at least partly, remobilized during the last deglaciation, which 
is also supported by sediment archives located outside the Arctic Ocean in the 
Sea of Okhotsk (Northeast Pacific) and the Bering Sea. Such sediment records 
suggest large release of old terrOC presumably by coastal erosion of ICD-like 
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permafrost during the period 17.5-11.7 kyr BP (Winterfeld et al., 2018; Meyer 
et al., 2019). The Arctic marine sediment record thus provides evidence for 
terrOC remobilization from permafrost thawing during post-glacial warming.  
 

 
Figure 4: Paleoenvironmental reconstruction of the Arctic Ocean during the Last 
Glacial Maximum (LGM) with the sea-level 134 m lower than today. Shown in beige 
are the large continental shelves that were exposed and hosted permafrost soils and 
ICD deposits at that time. Furthermore, the locations of the sediment cores 4-PC 
(Paper I), 31-PC (Paper II), PC-23 (Tesi et al., 2016) and GC-58 (Keskitalo et al., 
2017) are shown. CS – Chukchi Sea; ESS – East Siberian Sea; LS – Laptev Sea; KS – 
Kara Sea; BKIS – Barents and Kara seas Ice Sheet; LIS – Laurentide Ice Sheet; BFS 
– Beaufort Sea. Bathymetry from GEBCO (2019); distribution of possible ICD 
locations based on Strauss et al. (2017). 
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Despite the increasing efforts of paleoenvironmental studies there are still 
large knowledge gaps about permafrost OC remobilization during the last 
deglaciation. The few pioneering studies presented records with either limited 
spatial footprint or too short chronologies, which leave scale and timing of 
permafrost OC remobilization during the last deglaciation largely 
unconstrained. It is, for instance, unknown if permafrost OC remobilization 
occurred also at locations east of the East Siberian Sea (i.e. the Chukchi Sea), 
with implications to the possible presence of ICD also in the Chukchi Sea 
drainage basin and thus, a larger OC budget of permafrost OC remobilization. 
It is also unknown whether permafrost OC remobilization occurred before the 
early Holocene (11.7 kyr BP), such as during the Bølling–Allerød (14.7-12.9 
kyr BP) or even during the so-called “Mystery Interval”/Heinrich stadial 1 
(17.5-14.7 kyr BP; Fig. 3). Better understanding of the timing would provide 
important information about possible thresholds and system response to global 
and regional warming pulses throughout the last deglaciation. This thesis 
addresses these knowledge gaps and investigates terrOC in sediment archives 
from the Arctic Ocean to develop a refined picture of past permafrost OC 
remobilization by improving spatial coverage of observations (Paper I and II) 
and the temporal depth (mostly paper II).  
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1.3 Distribution of terrestrial organic carbon in Arctic 
Ocean sediments (paper III and IV) 

The circum-Arctic shelf seas occupy about half the area of the Arctic 
Ocean. Compared to the world ocean, this represents an extraordinarily large 
fraction and accentuates the importance of the shelf seas for terrOC 
accumulation in Arctic Ocean sediments. Earlier scientific contributions have 
therefore studied OC, total nitrogen (TN), OC isotopes (13C; 14C) and 
terrestrial biomarkers in marine sediments with high spatial coverage for most 
regions of the Arctic Ocean. Vetrov and Romankevich (2004) investigated 
sediment OC at a great level of detail for the Russian Arctic Seas and 
summarized decades of Russian Arctic research. The book edited by Stein and 
Macdonald (2004) geographically complements the Russian counterpart and 
provides additional insight into OC sources, degradation and fate in the Arctic 
shelf seas and the central Arctic Ocean, ranging from the contemporary carbon 
cycle system back to the Pleistocene. Over recent years, more studies were 
added to the standing record of sediment OC observations. Scientific advances 
in isotope and organic geochemistry permitted a refined understanding of OC 
source, and the use of the dual-isotope fingerprint of terrOC (13C; 14C) enabled 
more quantitative source apportionment (e.g., Vonk et al., 2012; Goñi et al., 
2013; Karlsson et al., 2016). This has resulted in a large collection of OC data, 
which can be used for analysis of circum-Arctic transport of terrOC to the 
Arctic Ocean.  

 
 The second research focus of this thesis is the establishment (paper III) and 
analysis (paper IV) of a database that harmonizes all data available for OC, 
TN, OC isotopes (13C, 14C) and terrestrial biomarkers in sediments of the 
Arctic Ocean. To this end, the Circum-Arctic Sediment Carbon Database 
(CASCADE) was created. This new database contains sediment data from 
both the published literature and unpublished records gathered from a large 
collaboration, covering the circum-Arctic shelf seas and central basins of the 
Arctic Ocean. The CASCADE permits analysis of the large-scale features of 
terrOC in marine sediments and provides clues about vulnerabilities of terrOC 
stores (e.g., permafrost soils and ICD) to remobilization and lateral transport 
to the Arctic Ocean (paper IV).   
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2. Materials and methods 

2.1 Study area and sampling 
 The Arctic Ocean accounts for only about 1% of the world’s ocean volume 
(Jakobsson, 2002) but receives more than 10% of the world’s river discharge 
(McClelland et al., 2012), while the circum-Arctic catchment represents 15% 
of the global land area. Additionally, over 50% of the Arctic Ocean area is 
underlain by continental shelves (Jakobsson, 2002), including the world’s 
largest connected shelf system, the ESAS (Fig. 2). 

 
Studying terrOC in marine sediments requires ship-based expeditions. The 

sediment samples studied in this thesis were collected during several 
expeditions to the Arctic Ocean. The Swedish-Russian-US Investigation of 
Carbon-Climate-Cryosphere Interactions in the East Siberian Arctic Ocean 
(SWERUS-C3) expedition onboard the Swedish ice breaker i/b Oden in 2014 
facilitated most of the sampling necessary for papers I and II. The sampling 
of such sediment archives was facilitated by the Stockholm University piston 
corer system (Fig. 5, A-B), which permits recovery of long sediment cores of 
up to 12 m depths below the sediment surface. Piston coring reduces the 
problem of sediment compaction and allows deeper sediment penetration 
depths than the more traditional gravity coring. As a major advancement, the 
piston corer utilizes the free-fall energy to i) drive the corer barrels into the 
sediment and ii) the piston creates vacuum and a suction effect pulling 
sediment into the core liner.  

 
Papers 1 and 2 of this thesis focus primarily on two sediment cores (Fig. 2):  

 
• SWERUS-L2-4-PC1 (4-PC), 6.1 m recovery, sampled on 2014-08-26 

in the Herald Canyon seabed (72° 50.32′ N, 175° 43.63′ W) at 120 m 
water depth in the Russian sector of the Chukchi Sea 

 
• SWERUS-L2-31-PC1 (31-PC), 8 m recovery, sampled on 2014-09-15 

on the southern/Siberian end of the Lomonosov Ridge (79° 54.89′ N, 
143° 14.01′ E) at 1120 m water depth in the central Arctic Ocean 

 
After recovery of the piston corer on deck, the cores were cut into segments 
and split in core halves onboard. This was followed by subsampling of 
carbonaceous fossils needed for 14C dating and high-resolution analysis of 
physical sediment parameters, such as bulk density, porosity and magnetic 
susceptibility using multi-sensor core logging. Subsamples for OC, OC 
isotope and biomarker analyses were taken at 10-cm intervals.  
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Figure 5: Sampling systems for recovering sediment cores. Shown are the piston 
corer system for the recovery of long piston cores for paper I and II (a, b), and a multi 
corer system, which allows recovery of shallow sediment cores with undisturbed 
water-sediment interface (c, d). Photo credits to participants of the SWERUS C-3 
expedition 2014 and the International Siberian Shelf Study 2020.  
 

For thesis papers III and IV, most of the data in CASCADE were collected 
from the published literature with emphasis on surface sediments. However, 
new data were also produced for data-lean regions in the start-up of the 
CASCADE effort. The most relevant sampling technique of sample material 
used for gap-filling purposes is the multi corer (Fig. 4, C-D), which is a 
commonly-used system that allows simultaneous sampling of multiple 
shallow sediment cores in polycarbonate tubes, including an undisturbed 
sediment-water interface under ideal conditions.  
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2.2 Dating of sediment cores 
Age models are crucial for all paleoenvironmental archives. Two 

contrasting dating principles were applied to construct reliable chronologies 
for the piston cores 4-PC and 31-PC. The age model of core 4-PC builds on 
radiometric 14C dating of marine carbonaceous fossils and 14C calibration 
using the Marine13 14C calendar (Reimer et al., 2013). The 14C dating method 
is based on the 14C/12C ratio of a sample, of which the radioactive 14C has a 
half-life of 5730 years and thus allows the age determination of fossils in 
millennial-scale archives following the 14C decay function (Stuiver and 
Polach, 1977). For core 4-PC, nine 14C ages of marine mollusks published by 
two previous studies (Cronin et al., 2017; Jakobsson et al., 2017) provided the 
backbone for the chronology, which was further advanced by two additional 
ages of benthic foraminifera sampled from the base of the core. By contrast, 
the age model for core 31-PC is based on stratigraphic correlation of the core 
porosity with the Greenland ice core (GISP2) δ18O, and therefore the 
Greenland Ice Core Chronology 2005 (GICC05). The stratigraphic correlation 
was supported using a probabilistic Markov chain Monte Carlo (MCMC) 
alignment method (Muschitiello et al., 2020). In addition, the probabilistic age 
model was supported by one mollusk 14C age and eight bulk OC 14C ages as 
maximum age constraint, due to the lack of datable carbonate materials. 

 
As a requirement for paper IV, sediment mass accumulation rates (MAR) 

were determined by 210Pb dating of short sediment cores, which is the best tool 
to calculate contemporary OC accumulation in circum-Arctic shelf sediments. 
The isotope 210Pb has a half-life of 22 years and is therefore better-suited for 
dating of shorter (decadal to century) time scale cores. This study builds on a 
large existing dataset of such data (e.g., Baskaran and Naidu, 1995; Vonk et 
al., 2012; Kuzyk et al., 2013) and was complemented by seven additional 
MAR determinations in shallow sediment cores. To this purpose, 1-cm 
intervals from 10-15 different depths were measured for 210Po and 226Ra at 
Flett Research Ltd (Winnipeg, Canada), in order to construct excess 210Pb 
profiles for each of the cores. The MAR were then calculated following the 
method described by Vonk et al. (2012). 

  

2.3 Bulk geochemical analysis 
 Concentrations of OC and TN, as well as the δ13C of OC are a requirement 
for many biogeochemical investigations that study terrOC in marine 
sediments. Total OC and TN inform about the elemental concentration and 
composition of the organic matter in sediments, while the δ13C ratio 
distinguishes between terrestrial and marine OC sources, based on the 
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depletion of 13C during photosynthesis. Land (C3) plants typically reveal ratios 
around -27‰, while marine phytoplankton is less depleted in 13C and shows 
values around -21‰ (Fry and Sherr, 1989). In this study, the determination of 
these three parameters was combined in one measurement and was carried out 
at the Department of Geological Sciences at Stockholm University. Marine 
(inorganic) carbonates were removed by acidification using 3 molar HCl prior 
to the measurement. 

 
Bulk sediment 14C-OC was measured in cores 4-PC, 31-PC and about 95 

samples of surface sediments from the circum-Arctic shelf seas. The 
radioisotope 14C of sediment OC mirrors the time gap between the fixation of 
atmospheric CO2 by living organisms and the measurement, and therefore 
informs about the age and reservoir time. In terrestrial systems the 14C ages 
vary, for instance, between modern OC pools in recently photosynthesized 
organic matter (e.g. plant litter), and OC reservoirs with aged organic matter 
that may vary from a few hundred to thousand years in e.g. soil OC, or tens of 
thousands of years in ancient permafrost sediments such as ICD. In 
biogeochemistry, the 14C content of the OC is often reported as Δ14C defined 
by equation 1 (Stuiver and Polach, 1977). Studies of past carbon cycling in 
paleo-archives (e.g. sediment cores) need to correct for the residence time of 
the OC since deposition. To this end, the ΔΔ14C represents the age-corrected 
Δ14C-OC content in samples of cores 4-PC and 31-PC (equation 2).  

 
Δ C14 = (𝐹𝐹𝑚𝑚 ∙ 𝑒𝑒𝜆𝜆𝑐𝑐(1950−𝑌𝑌𝐶𝐶) − 1) ∙ 1000   (1) 
ΔΔ C14 = (𝐹𝐹𝑚𝑚 ∙ 𝑒𝑒𝜆𝜆𝑐𝑐(1950−𝑌𝑌𝐷𝐷) − 1) ∙ 1000  (2) 

 
Where Fm is the fraction modern, λC the decay constant of the Cambridge half-
life of 14C (T1/2-C = 5730; λC = 1/8267), YC the year of sample collection, and 
YD is the year of deposition (deduced from the age model). As for the total OC 
analysis, carbonates were removed from the sediments by acidification prior 
to 14C analysis, carried out by adding 3 molar HCl directly to the sample 
container or by acid fumigation in a desiccator for 24 hrs. The 14C 
measurements were facilitated by NOSAMS (Woods Hole Oceanographic 
Institution, USA) for cores 4-PC and 31-PC, and by ETH Zurich 
(Switzerland), and Uppsala University (Sweden) for 14C measurements in 
connection with gap-filling analysis for CASCADE (paper III).  
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2.4 Source apportionment of organic carbon 
 This thesis uses the dual-isotope fingerprint (δ13C; Δ14C) to quantify source 
fractions of OC in marine sediments. All source apportionments here 
distinguish between three OC sources, marine phytoplankton and two 
different terrOC sources. The fingerprint is defined by an underlying end 
member database of 13C and 14C measurements of these different OC source 
classes, which was curated and upgraded over the years by the research group 
(e.g., Vonk et al., 2012; Karlsson et al., 2016; Wild et al., 2019) and further 
extended for this thesis. Accordingly, the end member selection and 
composition change between the different circum-Arctic regions depending 
on the dominating terrOC systems in the drainage basin, and differences in 
phytoplankton OC in different shelf seas. For paleoenvironmental studies 
(paper I and II), the end members are also varied through time to account for 
larger paleoenvironmental changes (e.g. opening of the Bering Strait; paper I) 
or the changing mean 14C age of ICD (paper II). Most source apportionments 
in this thesis distinguish between the two terrOC sources i) surface soils (incl. 
permafrost AL; abbreviated AL in paper I and II, and SurfSoil in paper IV) to 
account for remobilization of relatively young OC by AL thawing and soil 
leaching; as well as ii) ICD to represent remobilization of ICD-OC by coastal 
erosion and thermokarst processes. These two terrOC sources are considered 
most relevant for sediments of the ESAS, which is surrounded by land in the 
continuous permafrost zone (Fig. 2). For paper IV, some source 
apportionments also include other pre-aged terrOC sources present in the shelf 
sea catchments. This affects the Kara and Beaufort sea catchments, which host 
peatlands that developed during the early Holocene (Treat et al., 2016; Nichols 
and Peteet, 2019), as well as the Canadian Arctic Archipelago and the Barents 
Sea that are known to receive significant input of petrogenic carbon by rock 
weathering and the mobilization of bituminous coal (Drenzek et al., 2007; 
Yunker et al., 2011; Goñi et al., 2013).   

 
The total OC is defined by three fractions (fi) in an isotope mass balance: 
 

fi
PF-OC + fi

ICD-OC +  fi
MOC = 1 

δ13Ci = δ13CICD-PF
 × fi

ICD-OC + δ13CAL-PF
 × fi

PF-OC + δ13CMOC× fi
MOC 

Δ14Ci = Δ14CICD-PF
 × fi

ICD-OC + Δ14CAL-PF
 × fi

PF-OC + Δ14CMOC× fi
MOC 

 
This mass balance constitutes the basis of the MCMC method used in this 
thesis, following a Matlab method established by Andersson et al. (2015), and 
provides probabilistic estimates for all source fractions. The end member 
selection is detailed in the method sections of papers I, II and IV.  
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2.5 Molecular characterization of organic matter 
 Terrestrial biomarkers in marine sediments provide complementary 
information about the source and transformation of organic matter. This thesis 
utilizes high molecular weight (HMW) n-alkanes, HMW n-alkanoic acids and 
lignin phenols as indicators for organic matter derived from higher terrestrial 
plants to reveal the presence, source and degradation of terrOC in marine 
sediments. 

 

2.5.1 Lignin phenols (paper I and II) 
Lignin is an important biopolymer incorporated in tissues of land plants 

and provides a useful biomarker for terrOC in marine sediments. As 
constituents of lignin, different groups of lignin phenols (vanillyl – V, syringyl 
– S, cinnamyl - C) are often described and used as biomarkers characteristic 
for land plant communities and plant compartments (Hedges and Mann, 
1979). Accordingly, tissues of angiosperms systematically yield higher S/V 
ratios than of gymnosperms, and nonwoody plant parts (e.g. leaves, grass, 
needles) contain higher C/V ratios than woody plant parts (e.g. stems and 
twigs; Goñi and Hedges, 1995). Combining these two ratios can provide 
information about the source biome and region contributing to the terrOC 
found in marine sediments. In addition, the ratios of syringic acid over 
syringaldehyde (Sd/Sl) and of vanillic acid over vanillin (Vd/Vl) are known 
to increase with degradation under oxic conditions (Opsahl and Benner, 1995). 
Another degradation proxy is provided by the ratio of 3,5-dihydroxybenzoic 
acid over vanillyl lignin phenols (3,5-Bd/V), which also reveals degradation 
of plant organic matter (Otto and Simpson, 2005; Dickens et al., 2007). 

 
Lignin phenols were extracted following a protocol for alkaline CuO 

oxidation using a microwave system and chemical clean-up (Goñi and 
Montgomery, 2000), followed by analysis using gas chromatography with 
mass spectrometry (GC-MS). The method sections of papers I and II provide 
greater detail about lignin phenol analysis.  

 

2.5.2 Lipid biomarkers (n-alkanes and n-alkanoic acids; paper II) 
 n-Alkanes and n-alkanoic acids of HMW are predominantly produced by 
land plants and find wide application in biogeochemical research in terrestrial 
and aquatic systems. Both compound classes represent leaf wax lipids with 
chains lengths typically in the range of 23-33 carbon atoms for HMW n-
alkanes and 20-30 for HMW n-alkanoic acids, with a predominance of odd-
numbered chain lengths for n-alkanes and even-numbered chain lengths for n-
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alkanoic acids (Eglinton and Hamilton, 1967). As terrOC degrades, this chain-
length specific predominance declines and can be described using the carbon 
preference index (CPI) to indicate degradation. Furthermore, degradation may 
be measured by comparing relative concentrations of n-alkanoic acids to n-
alkanes as these are thought to degrade at different rates, with preferential 
degradation of n-alkanoic acids (Cranwell, 1981). 

 
Lipid biomarkers were investigated by solvent extraction of sediments, 

using accelerated solvent extraction (ASE) with a subsequent clean-up 
protocol and analysis of the extracts by GC-MS. More detail about the analysis 
method of lipid biomarkers in marine sediments is provided in paper II.    
   

2.6 Collection, curation and application of geospatial 
data (paper III and IV) 

The CASCADE was established to curate and harmonize data on OC, TN, 
OC isotopes and terrestrial biomarkers in sediments of the Arctic Ocean using 
published and still unpublished data. The variety of data sources required 
definition of certain quality assurance criteria, which strongly depend on the 
availability of metadata reported by the data source. For instance, knowledge 
about the sampling depths, the sampling year, the storage of the sample, and 
information about the analysis method were handled as important quality 
information and are therefore reported in CASCADE. Organization of 
geospatial data also included the development of an appropriate data storage 
framework. Hence, CASCADE is archived as several data tables, where 
surface sediments represent one dataset, and data for sediment cores are 
distinguished in three depositional time scales. These time scales are i) 
centennial scale cores of upper sediments in the Arctic Ocean (sampled mostly 
by multi, grab or box corers), ii) millennial scale cores that are typically 
several meters long and were recovered using gravity or piston core sampling, 
and iii) glacial cycles cores and subsea drill cores that reach further back than 
the LGM.  
 
 To visualize and carry out spatial calculations of OC data, MAR or OC 
source fractions from dual-isotope source apportionment, stationary data were 
interpolated using the Empirical Bayesian Kriging method in ArcGIS (Esri, 
USA) and projected in an area-preserving coordinate system to grid cells of 5 
km resolution. Budget calculations were carried out in Matlab. The data 
interpolation and spatial calculations are further detailed in the methods 
sections of papers III and IV.  
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3. Results and Discussion 

 The Arctic Ocean sediment record permits studies of past and 
contemporary permafrost OC remobilization. In the first part of the discussion, 
this is studied in response to climate warming, deduced from accumulation 
and characteristics of terrOC during past warming periods (chapter 3.1). 
Afterwards, the discussion targets OC remobilization in a modern context and 
describes vulnerabilities of land-based OC stores to anthropogenic climate 
change (chapter 3.2).  

 

3.1 Permafrost carbon remobilization during past 
warming events (paper I and II) 

3.1.1 Sources and accumulation of terrestrial organic carbon 
 Climate warming during the last deglaciation may have triggered massive 
remobilization of permafrost OC. Sediment cores 4-PC (paper I) and 31-PC 
(paper II) show the highest OC accumulation rates between the onset of the 
Bølling–Allerød (14.7 kyr BP) and the termination of the early Holocene 
climate optimum (~7.5 kyr BP). The isotopic composition of the OC in both 
cores (δ13C-OC; ΔΔ14C-OC) reveals that the material deposited in that time 
frame was from a strongly pre-aged terrOC source (Fig. 6). This resembles the 
dual-isotope fingerprint of ICD-OC, suggesting that remobilization of OC 
from ICD was an important source to sediments in the Chukchi Sea (4-PC) 
and the outer Siberian continental margin (31-PC) during these warming 
events. Bayesian source apportionment of the bulk OC reveals that in the 
deglacial unit of core 4-PC (13-11 kyr BP) an amount of 66 ± 8% originates 
from ICD. For core 31-PC, the OC deposited between 14.7-12.9 kyr BP was 
also dominated by remobilized ICD-OC to 64 ± 6%, while for the period 10-
7 kyr BP the fraction of ICD-OC was slightly lower (59 ± 10%). This is in line 
with previous studies, which state that post-glacial climate warming, sea-level 
rise and flooding of the ESAS triggered remobilization of large amounts of 
ICD-OC to the surrounding ocean (Keskitalo et al., 2017; Winterfeld et al., 
2018). By contrast, a sediment core from the Laptev Sea (PC-23; Fig. 4), 
located nearby the paleo-mouth of the Lena river, indicated large permafrost 
OC remobilization by AL deepening during post-glacial warming (11.7-11.1 
kyr BP; Tesi et al., 2016). Large OC remobilization from both sources (AL, 
ICD) suggests that permafrost OC remobilization occurred at a large-scale in 
northeastern Siberia.  
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Figure 6: Carbon isotope and lignin phenol composition of OC sources along the 
ESAS. Shown are for the sediment cores 4-PC and 31-PC a) the dual-isotope (δ13C; 
ΔΔ14C) fingerprint of permafrost (ICD and AL) and marine end members (Marine OC 
1 for 31-PC and mid/late Holocene of core 4-PC; Marine OC 2 for 4-PC during the 
deglaciation) and; b) the lignin phenol fingerprint and typical values for ICD and AL 
based on previous studies. Figure adapted from Martens et al. (2019, 2020a).  
 

Source apportionment of OC combined with accumulation rates reveal 
quantitative permafrost OC fluxes to the seabed. The 31-PC record presents a 
first peak of terrOC, likely from permafrost AL thawing, around 28 kyr BP 
that appears to result from surficial permafrost thawing and OC remobilization 
in response to the Dansgaard-Oeschger 3 climate event (Dansgaard et al., 
1993). Thereafter, OC accumulation declined and was low during the entire 
LGM and the early deglaciation stages (25-14.7 kyr BP). Using the LGM as a 
base line for low-level terrOC transport to the Arctic Ocean, the 31-PC record 
shows that accumulation rates of released ICD-OC tripled during the Bølling-
Allerød (14.7-12.9 kyr BP; Fig. 7). Another peak in OC accumulation at the 
base of core 4-PC (13.0-12.8 kyr BP) reveals ICD remobilization also for the 
Chukchi Sea during the late Bølling-Allerød, with fluxes about five times 
higher than during the late Holocene. These records show remobilization of 
ICD occurred at a time when average temperatures increased by about 1°C in 
the Northern Hemisphere (Shakun et al., 2012), while more rare local 
temperature reconstructions for northeastern Siberia suggest that summer 
temperatures were 1-4°C higher than today (Andreev et al., 2011; Melles et 
al., 2012). These and other climate archives point to abrupt warming during 
the Bølling-Allerød, which caused sea-level rise by 27 m (Lambeck et al., 
2014) and likely triggered remobilization of permafrost OC from ICD at a 
larger scale. Previous research reconstructed large inland permafrost thawing 
in Siberia and Alaska by 14C-dating of thermokarst sediments and other 
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landscape features that are indicative of permafrost thawing during the 
Bølling-Allerød (Gaglioti et al., 2014; Walter Anthony et al., 2014). 
Furthermore, larger release of strongly pre-aged terrOC in the catchment of 
the Sea of Okhotsk and the Bering Sea during this warming period points to 
permafrost OC remobilization also occurred outside the Arctic Ocean 
drainage basin (Winterfeld et al., 2018; Meyer et al., 2019). These 
observations combined suggest that permafrost OC remobilization during the 
Bølling-Allerød was at a large-scale. 
 

 
Figure 7: Sediment record of permafrost OC remobilization deduced from cores 4-
PC and 31-PC. Shown are a) the δ18O of the Greenland ice core record (NGRIP, 
2004) next to b) the accumulation rates of OC from ICD remobilization; and c) for 
OC from permafrost AL. Furthermore, the possible maximum delay of the OC 
accumulation peak by cross-shelf transport (CST) as seen in core 31-PC is indicated 
in pale orange shade. The abbreviated climate periods are PB – Preboreal; YD – 
Younger Dryas; BA - Bølling–Allerød; HS-1 – Heinrich stadial 1; and LGM – Last 
Glacial Maximum. Figure adapted from Martens et al. (2019, 2020a). 
 

The second wave of permafrost OC remobilization occurred during the 
early Holocene (11.7-7.5 kyr BP). After the Bølling-Allerød, colder climate 
during the Younger Dyras stadial (12.9-11.7 kyr BP; Carlson, 2013) and 
slowdown of the deglacial sea-level rise reduced the remobilization of 
permafrost OC significantly as shown by cores 31-PC and 4-PC. Thereafter – 
during the early Holocene (11.7-7.5 kyr BP) – ICD-OC accumulation rates 
increased by one order of magnitude when compared with accumulation rates 
during the LGM at the outer Siberian continental margin (31-PC; Fig. 7). Sea-
level rise of 44 m caused flooding of about 80% of the ESAS in this time 
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frame (Lambeck et al., 2014; Jakobsson et al., 2020) and likely triggered large-
scale remobilization of ICD-OC as documented by core 4-PC located on the 
ESAS in the Chukchi Sea (paper I), and by previous studies of sediment cores 
recovered from the ESAS in the East Siberian Sea (GC-58; Keskitalo et al., 
2017) and the Laptev Sea (PC-23; Tesi et al., 2016). These three archives 
reveal similar ICD-OC accumulation fluxes, with 8.0 ± 4.6 g C m2 yr-1 (13-11 
kyr BP) in the Chukchi Sea (4-PC; paper I), 5.4 ± 4.6 g C m2 yr-1 (9.5-8.2 kyr 
BP) in the East Siberian Sea, and further to the west 15.3 g C m2 yr-1 (11.7-
11.1 kyr BP) in the Laptev Sea (Tesi et al., 2016). It is worthwhile noting that 
temperatures increased by about 1.5°C in the Northern Hemisphere during the 
early Holocene (11.7-7.5 kyr BP; Shakun et al., 2012), with amplified 
warming in the Arctic and summer temperatures 1-4°C warmer (Andreev et 
al., 2011), and precipitation 15% higher than today (Melles et al., 2012). Such 
warm temperatures also triggered surface permafrost thawing in the Lena river 
catchment and AL-OC transport to the Laptev Sea (Tesi et al., 2016). These 
findings combined provide evidence for massive permafrost OC 
remobilization from coastal ICD and inland AL throughout the early 
Holocene.  
 

3.1.2 Terrestrial organic matter characteristics and degradation 
 Terrestrial biomarkers unearth additional information about the origin of 
the OC that contributed to the permafrost OC remobilization during the last 
deglaciation. The concentrations of lignin phenols (4-PC and 31-PC), HMW 
n-alkanes and HMW n-alkanoic acids (31-PC only) are indicative of the 
fraction of terrOC and largely support the features issued by dual-isotope 
source apportionments. Furthermore, the S/V and C/V ratios provided by 
lignin phenols reveal changing contributions of woody and non-woody, as 
well as gymnosperm vs. angiosperm tissues, between core locations and 
depositional periods (Fig. 6). Cores 4-PC and 31-PC show comparatively high 
S/V ratios (>0.5) in sediments that were deposited between the Bølling–
Allerød onset (14.7 kyr BP) and the end of the early Holocene climate 
optimum (~7.5 kyr BP; Fig. 3), which is similar to sediments deposited during 
the early Holocene in the East Siberian Sea (Keskitalo et al., 2017). This 
composition is consistent with Siberian ICD and might mirror the 
predominance of angiosperms in Arctic tundra landscapes, the environment 
under which ICD were formed (Andreev et al., 2011; Schirrmeister et al., 
2011a, 2011b). By contrast, deglacial sediments from the Laptev Sea point to 
a different source biome (PC-23; Fig. 6; Tesi et al., 2016). Lower S/V ratios 
(<0.5) indicate terrOC with larger proportions of gymnosperm tissues, which 
are thought to reflect the taiga forests in central Siberia and the Lena river 
catchment (Tesi et al., 2014; Winterfeld et al., 2015). This supports terrOC 
remobilization also from further south and might associate with a biome shift 
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and permafrost re-organization during the last deglaciation (Lindgren et al., 
2018).  
 
 Lignin phenols and HMW plant lipids also provide information about the 
degradation of terrOC based on compound-specific recalcitrance, which 
allows investigation of degradation between and within compound classes. 
The acid/aldehyde ratios provided by syringyl and vanillyl lignin phenols 
(Sd/Sl; Vd/Vl) and the ratio of the highly recalcitrant compound 3,5-
dihydrobenzoic acid relative to V (3,5-Bd/V), in core 4-PC reveal low terrOC 
degradation during the deglacial period (13-11 kyr BP) and higher degradation 
during the mid and late Holocene (3.5 kyr BP till modern). A similar pattern 
can be found in core GC-58 from the East Siberian Sea (Keskitalo et al., 2017) 
and core PC-23 in the Laptev Sea (Tesi et al., 2016). Low terrOC degradation 
during periods of massive permafrost OC remobilization may reflect that 
organic matter input exceeded its microbial breakdown, leading to re-
deposition of comparatively little degraded material. An alternative 
explanation is the distance between the core locations and the paleo-coast, 
which increased due to sea-level rise throughout the deglaciation and thus led 
to higher degradation with longer transport distance.  
 

Core 31-PC reveals a pattern of comparatively strong terrOC degradation 
over the past 28 kyr. The 3,5-Bd/V ratios are the lowest during periods of 
presumably high ICD-OC remobilization in the early Holocene (0.5 on 
average between 10-8.3 kyr BP), indicating yet higher degradation than for 
the 4-PC location (~0.25) in the Chukchi Sea (Paper I) or core GC-58 (<0.25) 
in the East Siberian Sea (Keskitalo et al., 2017) during this time frame. This 
likely mirrors the larger offshore distance of the 31-PC location when 
compared with cores 4-PC and GC-58. However, core 31-PC also indicates 
much stronger degradation (3,5-Bd/V > 10) of terrOC deposited during the 
Bølling-Allerød (14.7-12.9 kyr BP), at a time when the sea-level was lower 
and the 31-PC location was likely closer to the paleo-coast line (Lambeck et 
al., 2014; Jakobsson et al., 2020). These degradation patterns are largely 
supported by the ratio of HMW n-alkanoic acids/HMW n-alkanes, which is 
thought to decrease with increasing degradation due to higher inherent 
recalcitrance of HMW n-alkanes to degradation (van Dongen et al., 2008; 
Bröder et al., 2016). For core 31-PC, strong degradation during the Bølling-
Allerød therefore points to further distant sources, e.g. by fluvial translocation 
of ICD-OC to the 31-PC location. Overall higher degradation of terrOC 
reaching the 31-PC location indicates that the offshore distance may be the 
most important driver of terrOC degradation. It seems, however, that also 
other factors superimpose that degradation signal, e.g. when organic matter 
and nutrient availability exceed the rate of microbial degradation.  
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3.1.3 Implications for the global carbon cycle 
 The Arctic Ocean sediment record suggests major remobilization of terrOC 
from ICD and permafrost AL during deglacial warming periods. This raises 
the question whether remobilization of permafrost OC might have also 
affected the global carbon cycle. Trapped GHG in Antarctic ice cores reveal 
a rise in atmospheric CO2 and CH4 during the last deglaciation, which started 
slowly at 17.5 kyr BP and documents very abrupt increase of CO2 
concentrations at the onset of the Bølling-Allerød (14.7 kyr BP) and the early 
Holocene (11.7 kyr BP; Marcott et al., 2014). It has been the paradigm that 
the rise in CO2 concentrations by 80 ppmv primarily resulted from 
acceleration of Southern Ocean currents linked to Antarctic temperatures and 
outgassing of dormant CO2 that accumulated from marine OC respiration over 
the LGM (Schmitt et al., 2012; Marcott et al., 2014; Bauska et al., 2021). 
Secondly, the Atlantic meridional overturning circulation and the formation 
of North Atlantic deep water is thought to play an important role in abrupt 
changes of CO2 during interstadials and the last deglaciation (Marcott et al., 
2014; Bauska et al., 2021). Thirdly, also terrOC might have played a role in 
the deglacial CO2 budget, because oceanic inorganic carbon cannot fully 
explain the co-occurring isotopic changes in 13C-CO2 and 14C-CO2 seen in 
atmospheric archives (Köhler et al., 2014; Winterfeld et al., 2018; Bauska et 
al., 2021). Permafrost OC remobilization from the ESAS and the North Pacific 
shelves, along with significant degradation and CO2 production, may have 
released enough OC (85 Pg in total) to explain half of the CO2 peaks observed 
at 11.7 and 14.7 kyr BP, while the total contribution of permafrost OC to the 
deglacial CO2 rise would then represent 5% (Winterfeld et al., 2018). It thus 
appears possible that the remobilization of ICD-OC in northeastern Siberia 
affected global carbon cycling, yet the total magnitude and budget remain 
speculative.  
 

Permafrost OC remobilization further inland likely also caused large 
degradation with possible CO2 emissions to the atmosphere, which were 
(partly) counter-balanced by biomass gains. Documented permafrost thaw and 
remobilization of inland AL-OC and ICD-OC (Gaglioti et al., 2014; Walter 
Anthony et al., 2014; Tesi et al., 2016) occurred during a time when the entire 
permafrost region saw re-organization and decline at a large scale (Lindgren 
et al., 2018). A part of the area previously occupied by permafrost was 
succeeded by e.g. boreal peatlands (Nichols and Peteet, 2019) and forests. The 
resulting biomass gains may have counterbalanced the OC losses from 
thawing permafrost throughout the deglaciation (Lindgren et al., 2018). 
Furthermore, thawing of ICD permafrost resulted in thermokarst lake 
formation and presumably re-deposition and re-sequestration of large amounts 
of the remobilized OC in lake sediments (Walter Anthony et al., 2014). It is 
worth noting that changing terrestrial ecosystems likely also had a large effect 
on the atmospheric CH4 level during the deglaciation, likely due to the growth 
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of peatlands (Nichols and Peteet, 2019) and formation of thermokarst lakes 
(Walter Anthony et al., 2014). Atmospheric 14C-CH4 records suggest that this 
was mostly from contemporary sources (Dyonisius et al., 2020), which points 
to surface soils as a likely source (possibly permafrost and/or peat) and less to 
CH4 production from deglacial thawing of ICD. In summary, permafrost OC 
remobilization during the last deglaciation may have released sufficient 
amounts of GHG to affect global carbon cycling.    
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3.2 Modern remobilization and vulnerability of terrestrial 
carbon (paper III, paper IV) 

3.2.1 Large-scale carbon accumulation in the Arctic Ocean 
In the first public version, CASCADE includes over 4200 oceanographic 

stations with OC concentrations, of which over 2300 with TN, as well as over 
1500 δ13C-OC values and about 270 Δ14C-OC measurements (paper III). Dual-
isotope source apportionment coupled with 210Pb-based mass accumulation 
allows quantification of terrOC accumulation in circum-Arctic shelf 
sediments (paper IV). 
 

The total terrOC (ICD-OC, surface soil OC, peat OC; petrogenic C 
excluded) accumulation in circum-Arctic shelf sediments is 49 ± 27 Tg yr-1, 
of which the largest part originates from surface soils (60%; 30 ± 19 Tg yr-1), 
incl. permafrost AL. Arctic rivers are the most important pathway for terrOC 
from surface soils and peat, which implies that most of the terrOC supplied to 
the Arctic Ocean follows the regime of fluvial OC discharge. Previous studies 
have estimated a total OC river discharge of 38 Tg yr-1 OC extrapolated to the 
entire Arctic Ocean watershed (total dissolved and particulate OC; Holmes et 
al., 2012; McClelland et al., 2016). This would imply that 89% of the fluvial 
OC (surface soil and additional 4.4 ± 2.6 Tg yr-1 from peat) that reaches the 
Arctic Ocean is preserved in circum-Arctic sediments, demonstrating 
robustness of the receptor-based approach to study terrOC remobilization in 
the circum-Arctic drainage basin. Coastal erosion of ice-rich permafrost (ICD) 
appears to be the second largest pathway of terrOC input to the Arctic Ocean. 
The total release of OC by coastal erosion to the Arctic Ocean (based on 
coastal erosion rates) is estimated to be 15.4 Tg yr-1 (9.2–24.2; Terhaar et al., 
2021), while the receptor-based accumulation of ICD-OC is 15 ± 5 Tg yr-1. 
This suggests that a majority of the ICD-OC remobilization is from coastal 
erosion. Efficient burial of terrOC in sediments may lower anticipated GHG 
emissions from terrOC mineralization in the Arctic Ocean and may attenuate 
some of the carbon-climate feedback from large terrOC remobilization. 
 

The spatial distribution of terrOC accumulation in the circum-Arctic 
shelves suggests that 83% of the total terrOC remobilization is in the Eurasian 
Arctic sector basin (ESAS, Kara and Barents seas; Fig. 8), and only 17% of 
the total terrOC remobilization is in the North American Arctic sector basin 
(Canadian Arctic Archipelago, Beaufort and US Chukchi seas). Focusing on 
remobilization of the different terrOC compartments, there is a clear pattern 
of highest accumulation rates of OC from surface soils nearby river estuaries 
and river mouths, and accumulation of OC from ICD nearby sites of coastal 
ICD erosion (Fig. 8). Regional accumulation rates of transported surface soil 
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OC are the highest on the ESAS (10.4 Tg yr-1) and the Kara Sea shelf (6.4 Tg 
yr-1), which account for 56% of the total OC accumulation when combined. 
For the Chukchi Sea, the Beaufort Sea (combined of surface soil and peat OC) 
and the Canadian Arctic Archipelago, the accumulation fluxes are notably 
smaller (3.8 ; 1.3 and 3.5 Tg yr-1, respectively) and follow the regional pattern 
of fluvial OC discharge to these shelf seas (Manizza et al., 2009; McClelland 
et al., 2016). Altogether, this suggests higher remobilization of OC from 
surface soils in the Eurasian Arctic sector than for the North American sector.  
 

 
Figure 8: Accumulation rates of terrOC from (a) surface soil (SurfSoil) and (b) 
ICD in circum-Arctic shelf sediments. Total fluxes (in Tg yr-1) are shown for each 
shelf receptor as bar charts, and the integrated carbon remobilization index (I-CRI) 
is shown as red bars in the catchments. Furthermore, coastal erosion sites with rates 
>1 m yr-1 are outlined in red (b; Lantuit et al., 2012).  
 

 Remobilization of ICD occurs mostly in the vicinity of coastal erosion sites 
in the ESAS-discharging seas (Laptev, East Siberian, Russian Chukchi seas), 
as well as in the US Chukchi and US Beaufort Seas. Nearly 80% of the circum-
Arctic ICD-OC flux is associated with the ESAS, with smaller amounts in the 
Chukchi and US Beaufort Sea. Despite the possible presence of some ICD in 
near-coastal areas around the Ob and Yenisey estuaries (Strauss et al., 2017), 
14C data of surface sediments and the terrOC budget provide no support for 
significant ICD remobilization in the Kara Sea drainage basin. It rather seems 
that ICD is most vulnerable to remobilization along the ESAS. Recent trends 
in rates of coastal erosion seem to indicate acceleration in the Laptev and in 
the US Beaufort Sea (Günther et al., 2013; Jones et al., 2018). This reveals 
vulnerability of these ICD-OC stores to remobilization by anthropogenic 
climate change in the entire circum-Arctic.  
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3.2.2 Terrestrial carbon vulnerability to remobilization 
 Normalizing terrOC accumulation in shelf sediments to the corresponding 
land-based reservoirs (surface soil, ICD, peat) informs about vulnerabilities of 
the terrOC pools to lateral transport. To this end, the integrated carbon 
remobilization index (I-CRI) is established (paper IV).  
 

The I-CRI for surface soil OC reveals a contrasting pattern between higher 
normalized remobilization (I-CRI of surface soil >1.1) in comparatively small 
catchments (Chukchi, East Siberian, Barents Seas and the Canadian Arctic 
Archipelago) and lower remobilization in larger drainage basins (Beaufort, 
Laptev and Kara Sea; I-CRISurSoil<0.4; Fig. 8). This overarching pattern might 
mirror substantial degradation of remobilized surface soil OC during river 
transport. Previous studies of riverine CO2 evasion and the ecosystem carbon 
budget in Western Siberia revealed that inland degassing of CO2 by terrOC 
degradation is about 2-9 times higher than the terrOC discharge to the Arctic 
Ocean (Serikova et al., 2018; Karlsson et al., 2021). Longer residence times 
may be reinforced in river systems with long and shallow flow paths, such as 
in peatlands and non-permafrost systems (Frey and McClelland, 2009). This 
is one possible explanation for the low I-CRI for surface soil seen for the Kara 
Sea drainage basin (0.4; or 0.5 combined for surface soil and peat), given the 
low elevation and overall long water residence times in the West Siberian 
peatlands (Karlsson et al., 2021). Furthermore, large waterbodies in the 
Beaufort Sea drainage basin may further prolong the residence time (Amon et 
al., 2012), which accentuates inland degradation and lowers the observed 
remobilization in the receptor (I-CRI 0.2 combined for surface soil and peat). 
This suggests rather low lateral transport of OC from surface soils associated 
with peatlands due to large underway degradation of the terrOC, and implies 
larger production of GHG within these catchments.  

 
Drainage basins with higher normalized SurfSoil-OC remobilization (e.g. 
ESAS, Chukchi Sea, Canadian Arctic Archipelago with I-CRISurfSoil > 0.9) are, 
with the exception of the Barents Sea, largely underlain by permafrost. 
Permafrost affects the catchment hydrology such that it forces water to flow 
above the frozen horizon, leading to shorter residence times (Ala-Aho et al., 
2018) and  less terrOC degradation during lateral transport. Future permafrost 
thaw may therefore not only release large amounts of GHG directly on site, 
but may also extend residence times and mineralization of laterally-
transported terrOC (Frey and McClelland, 2009) in catchments that are 
affected by shrinking permafrost area. Permafrost-associated peatlands are the 
first to be affected by Arctic warming and reveal particularly high 
vulnerability to large OC remobilization in modeling studies (Hugelius et al., 
2020). This exhibits vulnerability of permafrost-associated surface soil OC to 
thaw-induced remobilization, and further translocated degradation and 
mineralization of remobilized surface soil OC to GHG within the catchment.  



27 

The I-CRI for ICD suggests higher remobilization in the East Siberian (0.9) 
and Beaufort Sea drainage basins (1.1), while remobilization seems to be 
lower for ICD in the Laptev (0.6) and Chukchi sea catchments (0.5). This 
vulnerability pattern shows similarity to average rates of coastal erosion being 
the highest in the Beaufort and East Siberian seas (1.1 and 0.9 m yr-1; Lantuit 
et al., 2012), with lower rates along coastlines of the Laptev and Chukchi Seas 
(0.7 and 0.4 m yr-1; Lantuit et al., 2012). One may speculate that most of the 
ICD-OC pool in the Laptev and Chukchi Seas is located further inland, 
making ICD less susceptible to costal erosion. For the higher vulnerability 
seen in the East Siberian and Beaufort Seas, it is likely that riverbank erosion 
of ICD in the Kolyma (Mann et al., 2015; Bröder et al., 2020) and Colville 
rivers (Schreiner et al., 2013; Kanevskiy et al., 2016) add to the ICD 
remobilized by coastal erosion. However, the closeness of the circum-Arctic 
estimate for terrOC release by coastal erosion (15.4 Tg yr-1; Terhaar et al., 
2021) and the receptor-based estimate for ICD remobilization (14.9 Tg yr-1, 
paper IV) inform that coastal erosion is the primary remobilization mechanism 
for ICD-OC.  

 
Permafrost soils within the continuous permafrost zone are warming at 

faster rates than those located further south in discontinuous permafrost zones 
(Biskaborn et al., 2019). This is one of the immediate effects of amplified 
warming in the northerly parts of the circum-Arctic drainage basin, which led 
to average temperature changes between +1.4°C in the Beaufort Sea 
catchment to +2.2°C in the Canadian Arctic Archipelago, for the summer 
season in the period 1960-2015 (NASA, GISTEMP; Lenssen et al., 2019). 
Comparing this with the I-CRI for total terrOC reveals a positive correlation 
(R2 = 0.90) between these recent climate warming trends and region-specific 
terrOC remobilization. Warming-induced terrOC remobilization may thus 
provide an alternative explanation for the observed circum-Arctic differences 
in terrOC vulnerability seen in this receptor-based study. Accordingly, the I-
CRI for terrOC may indicate that surface permafrost thawing and more rapid 
coastal erosion led to enhanced terrOC remobilization during the past half 
century. This would find support by permafrost models and scattered 
observational data that show recent Arctic warming already caused significant 
AL deepening in some Arctic regions (Oelke et al., 2004; Zhang et al., 2005; 
Osterkamp, 2007). However, further historical studies are needed to confirm 
any recent changes in terrOC remobilization as a result of anthropogenic 
climate change and large-scale permafrost thawing.  
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4. Conclusions 

• Past events of terrOC remobilization from thawing permafrost, e.g. by 
deepening of the AL and coastal erosion of ICD, constitute a useful past-
modern analogue to understand the effect of climate warming in the Arctic 
to large-scale carbon cycling. This also provides a benchmark for the 
possible release of GHGs from thawing permafrost to the atmosphere.  
 

• Coastal erosion and thermokarst of Pleistocene ICD permafrost was an 
important source to sediment OC deposited during the last deglaciation in 
the Chukchi Sea (core 4-PC) and the outer ESAS/the Siberian end of the 
Lomonosov Ridge (core 31-PC). This added to widespread release of 
terrOC by thawing of surficial permafrost AL and river transport to the 
Laptev Sea. 

 
• Accumulation of OC release from thawing permafrost (ICD and AL) in 

ESAS sediments and the central Arctic was 2-10 times higher during the 
last deglaciation than during the pre-industrial era. Episodes of 
presumably highest permafrost OC remobilization occurred during the 
Bølling-Allerød (14.7-12.9 kyr BP) and the early Holocene climate 
optimum (11.7-7.5 kyr BP), when temperatures in the Northern 
Hemisphere increased by about 1°C and 1.5°C, respectively.  

 
• Widespread remobilization of permafrost OC along the paleo-coast and 

inland was synchronous to the post-glacial rise in atmospheric CO2. This 
suggests possible contributions by mineralization of permafrost OC with 
GHG emissions in addition to outgassing of CO2 from the oceans.  

 
• In the contemporary system, sedimentary OC in the circum-Arctic shelf 

seas is strongly affected by terrOC input via Arctic rivers and coastal 
erosion to the ESAS, the Kara Sea and the Beaufort Sea. The annual 
budget of terrOC accumulation in the circum-Arctic shelf seas is 49 ± 27 
Tg yr-1.  

 
• The largest part of the terrOC (60%) transported to circum-Arctic 

sediments originates from surface soils (incl. permafrost and non-
permafrost soils) that was remobilized within the circum-Arctic drainage 
basin, while remobilization of ICD-OC (31%) to the annual circum-Arctic 
terrOC budget is foremost remobilized by coastal erosion.  
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• Remobilization of surface soil OC normalized to the soil OC stocks 
reveals higher remobilization in northerly catchments underlain by 
permafrost. This is in contrast to larger catchments with peatlands present, 
which are characterized by longer water residence times and presumably 
stronger degradation of the terrOC during the oceanward transport within 
the catchments.  

 
• Remobilization of OC from ICD strongly depends on the rates of coastal 

erosion and the location of ICD in near-coastal areas. Documented 
remobilization of ICD further inland and along riverbanks may locally 
contribute to OC remobilization but appears to be of minor importance at 
a larger scale.  

 
• The recent warming trends of the past five decades (2-3°C) in the Arctic 

approach the scales of warming as seen during the last deglaciation (e.g., 
Bølling-Allerød 14.7-12.9 kyr BP; early Holocene 11.7-7.5 kyr BP), when 
permafrost OC remobilization was up to one order of magnitude higher 
than during the pre-industrial period. One may conclude, by following the 
past-modern analogy and consideration of the circum-Arctic vulnerability 
of permafrost to climate change, that larger changes of permafrost systems 
and remobilization of OC can be expected for the coming decades. This 
stresses that more research is needed to better understand the 
vulnerabilities of Arctic terrOC compartments to large-scale 
remobilization.  
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5. Future Perspectives 

 The past decades of rising Arctic temperatures have shown that 
environmental changes are long underway, stressing the need for further 
investigation of OC remobilization from permafrost and other terrestrial 
systems to reduce the knowledge gaps and uncertainties. Studies of 
transported terrOC in the Arctic Ocean provide one of the best opportunities 
to trace large-scale remobilization of terrOC from e.g. coastal and inland 
permafrost, and should therefore continue investigating past and modern 
changes in the circum-Arctic carbon cycle.  

5.1 Past carbon cycling 
 Studying permafrost OC remobilization during the last deglaciation has so 
far proven to be valuable for improved system understanding of how 
permafrost systems respond to abrupt warming and sea-level rise. One of the 
remaining questions relate to the OC budget that was remobilized from e.g. 
ICD occupying the ESAS or permafrost soils further inland. Reconstructions 
of past ICD distributions estimate that the ICD-OC pool during the LGM was 
possibly 220-260 Pg larger than today’s land-based ICD-OC pool (Strauss et 
al., 2017; Lindgren et al., 2018). However, the amount that was removed by 
thermokarst and coastal erosion is highly uncertain as parts of the ICD might 
have been submerged, forming subsea permafrost (Fig. 1), or were largely re-
buried as sediments. Future studies addressing this topic should work towards 
a first-order budget of permafrost OC remobilization by sea-level rise and 
coastal erosion of shelf-based ICD. This may be accomplished by increasing 
the number of observations of sediment cores located on the ESAS but also 
along the continental slopes and in basins of the Arctic Ocean. Besides higher 
spatial coverage of observations, studies should also seek to improve 
reconstructions around terrOC degradation and mineralization. This will be 
necessary to connect remobilization of permafrost OC with CO2 production in 
the Arctic Ocean, leading to ocean acidification and CO2 evasion to the 
atmosphere. 

 
Future efforts should also aim to shed more light on inland permafrost OC 

thawing during past warming episodes. Previous studies have reconstructed 
thermokarst processes and re-deposition of remobilized permafrost OC in 
thermokarst lakes or other deposits (Gaglioti et al., 2014; Walter Anthony et 
al., 2014). However, this cannot account for thawing of permafrost soils (incl. 
AL deepening) and the northward shift of the permafrost zones and 
transformation of permafrost landscapes to non-permafrost landscapes 
(Lindgren et al., 2018). To better account for the entire OC feedback from 
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thawing permafrost to the climate system there is a need to further dissect the 
different sources by studying more archives around river outlets, e.g. those 
draining Western Siberia or Europe, or by studies of lake sediments.  

 
Testing vulnerabilities of permafrost or other terrestrial systems to 

changing climate may also include studies of climate variability in the deeper 
Pleistocene or Quaternary history of the Arctic. The last deglaciation provides 
the most detailed record and allows application of 14C dating for developing 
core chronologies and constraining OC sources. Yet the comparability of the 
last deglaciation with anthropogenic climate warming is limited as climate 
conditions during the LGM and the following deglaciation were fairly 
different from the pre-industrial era. Reconstructing permafrost OC 
remobilization during the last interglacial (130-115 kyr BP), which was on 
average 1°C warmer than the pre-industrial period (Melles et al., 2012), may 
be more comparable with today’s climate conditions and offer insights in 
system thresholds more relevant to anthropogenic climate change.  

5.2 Modern carbon cycling in Arctic shelf seas 
 The historical study approach of this thesis (Paper I and II) largely utilizes 
methods that are most often applied in the contemporary system. Hence, 
reconstructing the past relies on our current system understanding of 
transported terrOC in the Arctic Ocean.  
 

Dual-isotope source apportionment allows quantification of OC fractions 
in marine sediments, but also introduces uncertainty by simplification of the 
natural organic matter mixing in the shelf seas and the central Arctic Ocean. 
Future studies of OC mixing in the Arctic Ocean would greatly benefit from 
improved end member definition and integration of additional proxies to 
distinguish between terrestrial and marine OC sources. A new tool to 
distinguish between permafrost AL and ICD is the compound-specific δ2H 
analysis of HMW n-alkanes and n-alkanoic acids, which builds on isotopic 
differences between plant organic matter sequestered during the last glacial 
(i.e. ICD) and more contemporary climate (AL; Vonk et al., 2017). Also, the 
use of compound-specific 14C analysis of terrestrial – such as the source-
characteristic lignin phenols C, S, and V – may help to improve source 
apportionment between different terrestrial sources in the modern and in the 
past carbon cycle (Gustafsson et al., 2011; Feng et al., 2013). 

 
Further studies of different phases of terrOC (dissolved, suspended and 

sedimentary organic matter) in the extensive shelf seas of the Arctic Ocean 
will be critical to refined understanding of degradation and fate of terrOC. 
This would also provide clues about mineralization, acidification and possible 
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CO2 evasion from ocean waters. To study these phenomena, further analyses 
of terrestrial biomarkers with contrasting degradation patterns have proven to 
be helpful to investigate e.g. degradation during cross-shelf transport (Bröder 
et al., 2016). Only few studies have employed incubation experiments of 
sediments, water or suspended particles in the shelf system (Karlsson et al., 
2015; Brüchert et al., 2018) to investigate the lability of these pools and their 
potential for GHG production.   

 
Another large uncertainty of source apportionment and degradation is to 

investigate the transport time of OC across the extensive shelves in the Arctic 
Ocean. It has been shown that the transport time for a degradation-resilient 
fraction of the terrOC may take up to 3.6 kyr to migrate across the 600 km 
wide Laptev Sea shelf (Bröder et al., 2018). However, other terrOC 
components may migrate much faster across the shelf. For instance, the 
seasonal river plumes of freshwater quickly flow across the Arctic shelves 
towards deeper ocean areas. Dissolved terrOC from river discharge is known 
to be more short-lived and can degrade within a few years (Alling et al., 2010), 
which implies that the remainder of such material reaches the seafloor faster 
than sediment-bound terrOC that slowly migrates across the shelf (Bröder et 
al., 2018).  
 
 Last but not least, whole Arctic carbon budgets are crucial to determine and 
understand contemporary carbon cycling. It appears plausible that the current 
permafrost system has already deviated from a stable state to a transition 
phase, which may cause OC release at a larger scale. Widespread permafrost 
warming (Biskaborn et al., 2019), AL deepening (Oelke et al., 2004; AMAP, 
2017; Romanovsky et al., 2019), and accelerating coastal erosion (Günther et 
al., 2013; Farquharson et al., 2018; Jones et al., 2018) suggest that such 
changes are already underway. Improved understanding of permafrost-climate 
couplings is urgently needed, as well as identification of vulnerabilities of 
permafrost OC to remobilization and degradation in a warming Arctic.  
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