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Abstract 5

Abstract

With alarmingly fast climatehange on global scale, the origin of carbon emissions is becoming more
important. Permafrost as one of the largdstrestrial natural storages is among the most relevant
carbon sinks that might become a carbon source as air temperatures and snowfalttreasing. This
study examinesthe Yukechi Alaarea(N 61.76495° /E 130.46664Y, alandscape in Central Yakutia
located on the Abalakh terrace in the LeAilllan interfluvg. Two drilling cores from different ground
types weretaken. The comparison of the both cores used in this study also gives insights into the
development of permafrost carbon storage. One is a Yedoma core, consisting of material accumulated
and syngenetically frozen during the late Pleistocene. The secoadvastaken from an adjacent alas
basin. Alas deposits in this area are altered Yedoma deposits thawed and subsided after lake formation.
Both cores cover a timespan of approximately 50 000 years. The coreamadysed for ice content,

total carbon and atal nitrogen content, total organic carbon content, stable oxygen and hydrogen
isotopes, stable carbon isotopes, mass specific magnetic susceptbilityrain size distribution, and
were dated using radiocarbon measurement$ie hboratory analysesevealed someinteresting
features that are quite uncommon for Yedoma deposits globally but have been found in Central Yakutia
before. The most astonishing finding is the lack of carbon over several meteifs, deund in both
cores.While in the alas core thicould hint on dep thawing during lakeovered stageand large talik
formation, and hence decompositiothhe same finding in the Yedoma core indicate sediment input of
organicpoor material Water isotope data derived fromoreice show a permanently dzen stateof

the lower core parts and onlepresent precipitation water very close to the surfadderefore, it is
unlikely that strong organic matter decomposition took place in this Yedoma Adse, these core
parts consist of more coarse materifine sands found herdanstead ofthe silty material thatmakes

up most of the coresThis change in material input was dated taragspan between 3900 and 18

000 years before present. During this tinoimate experiencedvariationson a global as wkhs on a
regional scalewhichcouldhave influenced the availability of liquid water as well as thaw depth and
wind regimesEspecially the changes in wind direction and velocity are likely to have influenced the
material composition. The sandy materfalind is not originating fronsurroundingareas but could

be transported over greater distances. These findings indicate Wedoma might be more
heterogeneou®n a global scale than previously thought, making it important to furthedyYedoma
deposits. Both general carbon content as well as carbon vulneralfiditgxampledue to alternating
sediment characteristics within a Yedoma deposit, might be very diffetenan be assumethat,

before thermokarst processes occuredhe core dilled within the alas basin had quite similar
characteristics as the Yedoma coikhis indicatespossible developing characteristics ¥&édoma
depositsduring ongoing climate chang&possiblereason for this increasindake formation in Arctic
areasdue towarmingair temperatures which in turn can lead to furtherarbonreleasewith further
permafrost thaw, enhancing a positive feedback cytldorthern permafrost areas.
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Germansummary/ deutsche KurZassung

Im Zuge des globalen Klimawandels wird die Einschatzung mdglicher Kohlenstoffquellen zunehmend
wichtiger. Permafrostbdden als einer der grotemrestrischenKohlenstoffspeicher ist dabei von
besonderem Interesse, da in einem warmeren Klima diese Béden auftauen kdnnten und grof3e
Mengen Kohlenstoff freisetzen kdnnten, die zu einer weiteren Klimaerwarmung beitrijese

Arbeit beschéftigt sich mit Permafrost iGebiet des Yukechi Alas in Zentraljakutien. Das
Untersuchungsgebiet liegt auf der Abalakérrasse der Lena, im Gebiet zwischen den Flissen Lena
und Aldan. Fur die Untersuchung wurden zwei Bohrkerne aus unterschiedlichen Typen von
Permafrostbéden entnomnte Diese Kerne wurden anschlieRend unterbeprobt und auf die Parameter
Eisgehalt, Gesamtkohlenstgff Gesamtstickstoff und organischer Gesamtkohlenstoffgehalt,
Sauerstoff, Wasserstoff und Kohlenstoffisotopenverhaltnisse, massenspezifische magnetische
Sugzeptbilitat, KorngréRenverteilung und Radiokarbonalter hin untersublet. erste Kern stammt aus

einer Yedoma&blagerung, welche Uberwiegend aus spatpleistozanen Sedimenten besteht, welche
wahrend ihrer Ablagerung einfroren und seither gefroren sind. Begite Kern stammt aus einem
benachbarten AlaBassin, das sich im regionalen Yedoma entwickelt hat, so dass davon auszugehen
ist, dass das Materiglieses Kerns vor der Uberpragung durch einen Thermokarstsee sehr dhnlich zu
dem Material des ersten Kernsaw Datierungen zeigen, dass beide Kerne eine Zeitspanne von rund
50 000 Jahren vor 1950 abdecken. Die Laboranalysen zeigen fur Yéddaggerungen untypische
Charakteristika, die aber in dieser Region bereits an anderer Stelle ebenfalls in &hnlicher Form
gefunden wurden. Das auffalligste Merkmal ist eine mehrere Meter machtige Schicht, die keine
nachweisbaren Mengen Kohlenstoffs enthalt und in beiden Kernen in unterschiedlicher Tiefe zu finden
ist. Wahrend sich dies im Al&®rn durch tiefes Tauen des Bode und demnach
Kohlenstoffabbauprozesse wahrend der Existenz eines Sees an der Landoberflache zu erklaren ist,
deuten diese Funde im Yedork@rn auf eine veranderte und besonders sehr kohlenstoffarme
Zusammensetzung des in diesem Zeitraum abgelagertenridbdnin. Dieses Material ist grober als

das der restlichen Kernabschnitte, was auf eine andere Herkunft des MatseldleRen Iasst. Die
Tatsache, dass Wasserisotopendaten aus dem im Boden enthaltenen Eis zeigen, dass es sich um altes
Eis und nicht spér eingedrungenes und gefrorenes Regenwasser hangettje3t einen derartig
starken Abbau des Kohlenstoffes nach der Ablagerung des Yedateaials aus.Eine mogliche
Erklarungfir Materialeintrag aus anderen Gebietdiafern die Ergebnisse der Datiarg. Sie weisen

fur die groberen, kohlenstoffarmen Schichten in beiden Kernen einen AblagerungszeitraumO@gh 39

bis 18000 Jahren vor 1950 aus. Zu beiden Zeitpunkten gab es Variationen sowohl im globalen als auch
im regionalen Klima Zentraljakutiens, die Verfligbarkeit fllissigen Wassers sowie die sommerlichen
Autautiefedes Bodens und Hauptwindrichtung urgeschwindigkeit beeinflussten. Da das in diesen
Schichten gefundene Material aus anderen Gebieten transportiert worden sein muss, kommt
besonders @& Veranderung des Windregimes als Grund fir die andersartige
Materialzusammensetzung in Frage. Diese Ergebnisse zeigen, dass die als Kohlenstoffspeicher von
globaler Bedeutungerstandenen YedomaAblagerungen auf globaler Skala deutlich heterogener sein
kdnnten als bisher angenommen. Dies wirde sich auch auf die bislang angenommenen Anfélligkeiten
gegeniuber Tauprozessen und damit Kohlenstofffreisetzung auswirken, da unterschiedliche
abgelagerte Materialien diesbezlglich unterschiedliche Eigenschaften igefwe Diese
Vergleichsstudie zeigt aul3erdem, ausgehend von der Hypothese, didl#dagerungen seien, vor der
Entstehung eines ThermokaiSees an der Landoberflache, den Yeddkbéagerungen sehr &hnlich
gewesen, wie sich die momentan noch existierenden edomaAblagerungen in einem
voranschreitenden Klimawandel verhalten kdnnten. Die Tatsache, dass immer noch, trotz
zwischenzeitlichen Tauens, Kohlenstoff in den -Allsigerungen enthalten ist, ermdglicht eventuell
genauere Abschatzungen Uber die zu erwaden Kohlenstoffemissionen aus Permafrostbéden im
Zuge des Klimawandels.
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1 Introduction

1.1 Permafrost

Permafrostregions storebig amounts of carbonwhichmakes them vulnerable regions for climate
warming The currently stored carbooouldbe releasedo the atmosphere upon permafrost thaw and
function as a positive feedback to climate warmiggpecially during the late Pleistoceard the
Hdoceng permafrost areas represented an important carbon sink for global clinbattecould now
become a carbon source. To understand thelications of permafrost thaw on the global climate
deeper insight into processes related to permatroarbon transport is needed

Permafrost is a term used for any type of ground, either soil or rock, that maintains temperatures
below 0 °C for more than two consecutive ye@wan Everdingen, 2005; Heginbottom et al., 20112)
occursin non-glaciatedArctic and Antarctic regiongas well as in alpine regions that providean
annual temperatures below 0 {€igurel) (Brown et al., 2002, 1997Permafrostovers approx. 22 %

of the Northern Hemisphel@ terredrial surface(Zhang et al., 1999There are various permafrost
zones differentiated by continuity, including the continuous permafrost zone (> 90 % of the area are
permafrost), discontinuous permafrost zone (8D %), sporadic permafrost zone 80 %) and
isolated permafrost zone (< 10 %jdure 13 (Brown et al., 2002)Besides coverage, prafrost is also
classified by its ice type and ice content. Permafrost containing more than 25 vol% ice is caitdd ice
permafrost, while less than 25 vol% is calledpoer (Brown et al., 2002)High ice content can be

e. g. massive ground ice, which can either be a buried ice block originating from a glacier or an ice
wedge that was formed by liquid water seeping into the ground and freezing thereces®ice, when

all pores in the ground were watéiled and froze, forming larger, connected ice clust@®asrmafrost
terrain is typically characterized by three subsurface urfijsThe active layerlies on top of the
permafrosttable and seasonally thamevery summer. This allovier plant growth and decomposition
during unfrozen summaetonditions(van Everdingen, 2008)) Underneathlies thepermafrost which
stays below 0 °Clajear, 3) The permafrost depth is determined by the magnitude and duration of
negative mean annual ground temperatures well as the geothermal heat flux. Therefore, unfrozen
ground underlies permafrosiThe permafrost contains thdepth of zero annuabmplitude (ZAA) in
where a steadytemperature is maintained all yegdFrench, 2007)Permafrost can reachs deep as
approx.1450m below surface BS in Easern Siberia(Schuur et al., 2008Pue to local temperature
differences induced e. g. by ponding wateunfrozen areas calledaliks may occur within the
permafrost zondFerrians et al., 1969%0me specidl/pes of permafrost are e.¢yedomdce Complex
which are an ice-rich (5690 vol% ice) and organkearing(ca. 2wt%) (Schirrmeister et al., 2013)
depositoriginating from thelate Pleistocenesra (60000 to11 700 yeardefore present BP). Alas is
alocalname originating from Yakutidpr a drained and ofterrefrozenformer lake basir{including
refrozen taliks) Deposits with thawing phases, likdas deposits, are assumed &how more
characteristics borganic matterdecomposition comparetb permafrostthat has beerfrozen since
deposition(Strauss et al., 2015; Weiss et al., 2016; Jongejans et al., ZB&§)rocesseim permafrost
regionsleading to the formation of those basimsthermokarstprocesses. Thienokarstisinduced by
thawing of permafrost oground ice meltoften as a result of surficial watponding and subsequent
surface subsidencgzan Everdingen, 2005)
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Figurel ¢ Northernpermafrost distribution(Brown et al., 1997 circumpolar map displaying the distribution of the
different permafrost zones on the Northern Hemisphere

1.2 Carbonaccumulation

Asterrestrial permafrost isdefined by temperaturest or below 0 °Gor at least 2 consecutive years
organic matter decompositiois strongly reducedOrganiamatter accumulatesn the active layer and

is subsequentlyincorporated into permafrosthrough ongoingaccunulation or relative permafrost

table aggradation Moreover, cooling temperature raise decreases active layer thickness, causing the
permafrost tableto aggrade Carbon acumulation is linked to plant growthbothin situ growthand
off-site growth with lateral transportinto the study areaHowever, ateral transportis very limited in
most permafrost areas, as ortlgree to four months provide warm enough air temperatures for the
active layer to thawliquid water, and finally temperatures above 4 °C whick inevitable for plant
growth (Hunt, 1982)Carbon in permafrost soilccumulates duringhases with no ice coveAs this
accumulation took place over long time periods, the current carbon content stored in circumpolar
permafrost regions is estimated to be more thaB0OD petagramgPg; 1 Pg = 1 billion tong)f which

800 Pg are set in perrfrast (Hugelius et al., 2014; Strauss et al., 2015)

1.3 Research aims

The aim of this studisto understandthe past and current statef CentralYakutian permafrostreas
and their development processes in terms of organic carbon accumulation and storahgemajor
research questions are:
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- How are Yedoma ice complex and the thermokar&iasins biogeochemically and
sedimentologically connected

- Whatarethe main regional processeséarbon storage and historgnd

- What s the potential future pathwapf this permafrost conditions and their importance for
global climate change

2 Study area

Two drilling coreswere used for this study. Theyere obtained in the continuous permafrost zone in
the LenaAldan interfluvgFigure 23in the YukechNas(N 61.76495° / E 130.466648) km southeast
of YakutskFedorov and Konstantinov, 2003)cated inCentral Yaktia, Russia. The Yukedias is
approx. 500 m in diameteand 10 to 15 m deeffFigures 2b and3).

Figure2 - a: location of Yakutsk (DEM: ESA DUE Permafrost p(Bgdsch and Seifert, 209)2): satellite imageof the
Yukechi Algsshowing various alas basins and lalesnpiledby Mathias Ulric{Spot Satellite, 25.09.2012)
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“ 3 LT N g . B ¥ ; \ . D,
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Figure3 - Field impressions: drained lake basin in the northern part of tiiekechi Alas in summer;dained lake
basin in theYukechi Alas in winter; c: drilling in the alas cemdag1); pictures by Mathias Ulrich (aJens
Strauss (b & ¢)

2.1 Local and regionajleamorphology

The LendAldan interfluve, located ilvakutiais a large basiranging inelevationfrom approx. 130 m
above sea leveb§) in the river valley$o approx. 400 m asl at mountain topbhe sudy site itselfis

200 to 220 m asl and is part of the sowtlestern marginatoneof the Abalakh erosiogonstructional
plain (Fedorov et al., 1998and is already part of the erosional slope of the terrace (personal
communication Christine Siegerfhe main relief characteristiasthe Yukechi Alaareaareflat plains
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and thermokarst lakesf up to four metres depth Figure3). New basinsare forming continuously
throughactive thermokarst processes that are naturgdly well as anthropogenically inducgeedorov
and Konstantinov, 2003AIso,the presence o$easonally flooded river basirsslue tothe LenaRver.
The Lena Rivés the main water resource in the Yakutsk arieacauseermafrost conditions prevent
ground water upwellingway fromthe river.

2.2 Climate and climate history

CentralYakutias characterized bgn humid, extremecontinental climate regimevith very low winter
temperatures(Koppen and Geiger, 1930)inters are six months long with little snow falhd air
temperaturesoften reach lows o0& -60°C.The hghest temperaturesccurin July(30- 33 °Q. Climate
records show teperatures averaged oveBO years (1961 to 1990 and continuously modelled
afterwardg ranging from-41 to 18 °C, giving an annual mean temperaturel®f2 °C and aean
amplitude of 59 °QFigure 4. For the same period, the meammual precipitationwas246 mm in
Yakutsk at 13& asl.The precipitation ranged from 6 mm in March to 40 mn{Figure4).
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c Bl [0
t .
8 -30 10 &
£ i
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-50 — o
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month
Figure4 - dimate diagam for Yakutsk, Yakutia, Ruségkalin and Norwegian Meteorological Institute, 2Qk8jtude:
133 m asl, mean annual temperaturd&0.2 °C, annual precipitah: 246 mm/a humid, continental climate
(K6ppen and Geiger, 1930)

Holocere climatereconstructiondn this region indicate climate settings with simitarslightly colder
conditions or slightly colder, with summer temperatures around 15.@Hdbberten et al., 2004;
Nazarova et al., 2013; Ulrich et al., 2017)

2.3 Rermafrost conditions

AsCentralYakutia is located in the continuous permafrost zone, periglacial processesathe

major features of landscape evolution. At the study site, several thermokarst lakes were found, some
of whichrecently drainedTheYedomace Complex and refrozealasterrain arefound in this areaas

well astaliks below lake bottomswith sufficiently deep waterRecent studiegcitation) show that
warming air temperaturs in Central Yakutidead to greater thaw depths anthlik development.
Similar observations were made at the study site for this profeetmafrost in this aresin a dynamic

state due toground subsidence caused by temperature disturbanGesund icas found in shallow
depthsof approx. 2 m irCentralYakutia with an active layethicknessf ~ 1.5 m(Fedorov, 2006)T'he
active layer thickness ranges from 200 cm in alas basin grasslands to 100 cm in the boreal forest
(personal communication J. Strauss, Mathias Ulriahjingthe field work period the active layer was
frozen
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2.4 Flora and fauna

Most of CentralYakutia is covered wittaigaand larchforest, mainly consisting dfarix cajanderiLarix

gmelinii Larix sibiricaand Larix czekanowskiith severalPinus sylvestrisommunities(Troeva et al.,
2010; Desyatkin et al., 2014Jhe Yukechhas is covered witlgrassand (Hgure 3) dominated by

steppe and bog plant speciasdsurrounded by boreal foregFigure 3 (Ulrich et al., 2017)

These grasslands are often extensively used for pasture so different cattle species are among the most
influential fauna(Katamura et al., 2006 AlsoAlces alceand Ursus arctosire common.

3 Methods

3.1 Field work

Field work took place in Marc2015during a joint expedition of Alfred Wegener titste for Polar and
Marine Research, University of Leipzig dhd Melnikov Permafrost Institute, Siberian Branch of
Russian Academy of Scienc&he field work was partaf KS 9w/ LINE 2 S O (Thadimgl LIA R
in a Warming Arctic and Impacts on the Soil Organic Carbon Pool-{PETA.asvell as the DFG
LINE 2SOl & { -terenNidermdkafdR dyaghigsue to climate changes and human impacts in
Central Yakutia, Siberia (20431 m.dniogal four cores(two alas cores and two Yedoma coregre
drilled (Figure 3, each approx. 20 m in deptBue to partially unfrozen permafrost conditions within
the cores sectionsof the cores were lost during drillingwo offour coreswere analysed in thistudy:

one Yedoma core (YUKY¥&[L), 22.35 m length, and one alas core (YUI&s1), which is 19.80 m in
depth and contains a larger talik from approx. 1.6 down to 7.%igufe5; Figure6; Figure7). Both
YEDXoreand Alasl corewere drilled from dry surfae, while the remaining two were drilled at the
bottom of thermokarst lakes.

Yedoma

lake
Alas center

(dry)

Figure5 - Drilling locations in the Yukechi Aldscaperoughly depicting theredominantvegetationtypesat the sites
and their location relativeo the lakegpicture by Jens Strauss)

Alas lake
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YED1 Yedoma drilling core, Yukechi site, Yakutia, Russia
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Figure6 - YED1 drilling coreore profile showing the state of the core sections; elggseshow main cryostructures
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Alas1 drilling core, Yukechi Alas, Yakutia, Russia
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Figure? - Alasl drilling corecore profile showing the state of the core sections; elgmseshow main cryostructures



3 Methods 14

3.2 Laboratory work

To determine the characteristics of tlkepositsin terms of carbon contenand sources, sediment
characteristics and sedimentary history, cryogenic structures, local permafrost formation and the
permafros@ carbon storage capacity, measurements was carrieboubsamples obtaineftom

each core. The samples weaealysed foiice content, total carbon (TC), total organic carbon (TOC)
and total nitrogen (TN) content, isotopic abundance ratio of total organic cawdd@ of TOC), grain
size andnass specifimagnetic susceptibility. Radiocarbon dating was appli€glequally dstributed
samplesThe porewateiof each sample were analysed fai, electricconductivity,dissolvedorganic
carbon (DOC) and isotope abundance ratios of oxyg€®) and hydrogent ¢H).

3.2.1 Sample preparation

To subsample the stiftozencores, eah core was split letgwise at-10 °Gn the climate chamber of
GFZ Potsdam, using a Makita basaw. First these halves werecleaned, photographed and
cryolithologicaly described One of the obtained halvesas kept intact as an archive pieedile the
other half was sawn into approx. 5 cm long sample pietake selected subsampling depttighese
were selected equally distributed along the cores every approx. 5@&itmshifts due to cover the
majorstratigraphical layerdn total 64 samplesvere seécted

All samples were weighted faubsequent moisture content analyses

3.2.2 Water sample extraction

To analyse the frozewater inside the samples fgH, conductivitydissolvedorganic carbon (DOC),
oxygen isotopes! {80 ¢ ratio) and hydrogen isotopes fH ¢ ratio), the samplesvere thawed at +4 °C.
Rhizones which represent artificiaplant roots were inserted into thethawed sample.Rhizones
(RHIZON MOM 10 cm, Rhizosphere Research Products) consist of a porous PE/PV(htythensite
by glass fiber, with a diameter of 2.5 mék.vacuum was appliedsing syringeshe latter of which
were used as shotierm storages as wellThe contents of the syringes were then distributietb
several subsample containers. The DOC subsam@esthen acidified using0 >l concentrated (35
%) hydrochloric aci(HClYo preserve the sample for later analysitie eftovers were frozen as backup
samples.

Due to low ice contents as well as small sample amounts in some cases, not all sampldse could
analysed for all named parameters

Oxygenand hydrogenisotope abundance ratiowvill be included in thisstudy to gain insight on
environmental conditions during ice formatigtable 2and4).

3.2.3Stable xygenand hydrogenisotopes

Due to the different physical properties of hydrogen and oxygen isotopes, precipitation and
evaporation have & impact on isotope composition of ice found in permafrost. Lighter isotopes
evaporate more easily and are therefore found in grea®ountsin seasonal, qokly freezing water,
while heavier isotopes remain in snow layers dummgjting, seeping into the active layer forming e.

g. ice wedges.

To determine the ratios ofH/*H and!®0/*%0, samples were measured usin§ianigan MAT Delt&
mass spectrometeand the equilibration technique after HoritéHorita et al., 1989; Meyer et al.,
2000)

Following Meyer et alk000 5 ml per samplevere filled into 25 ml glass bottles and inserted into
stirred water baths to induce a homegous temperature (1& 0.01 °C) Sibsequentlythey were
evacuated,and the gases were equilibrated between water anglghls for 12H, using activated
platinum as a catalyst. The same procedure was repeatedformeasurement using G@nd water
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for equilibration. A laboratory internal standard SEZSevernaja Zemlja watewas used for quality
control.

After equilibration, the gas was separated from the water by freezing the bottleg&tC and
transferred into the sample bellow. In alternation,ngple gas and reference gas were lead into the
mass spectrometer. Ten measurements per sample r@rto Amperesr(d) H; for 1?Hand at 10 nA
mass 44 intensity for'®Owere carried out. Internal errors were better than:(.8 F12ZH\hd better
than 0.1: for10.

3.24 Ice content determination

Determination of the samplé€¥ce content was carried out byeezedryingthe preweighted samples.

For this, the refrozen samples were left in their opened bags and jars and covered with a thin layer of
tissuesto prevent dust and fine particlesom beinglost during thedrying processThey were then

put into aZirbus Subliminator-3-5 at approx. 0.2 bar anéd0 °C forat least48 hours to remove any
moisture contained. In the following the samples were weighted again to determine the ice content in
wt% Equation J.

Q) GOi & DEHEE 6 Q> O

The ice contents of the samples are showtaisles 1 and 3.

3.25 Sample division

Usingforcepsand spatula, the dried samples were homogenised and split into subsampMS#ord
GSAelement analysis of TC, TOC and XRKnot included in this studyanalysis, biomarkergot
included in this studyand an unaltered archive samp®ibsamples for radiocarbon datimgere taken
for 9 samples during this process.

The subsamples taken for element analysis were powdered ugirigsah pulverisette planetarymill
equipped withagate jars and agatmarbles Each sample was millédr 8 minutes at 360 rotations
per minute.The simples ardransferred into plastic jars usirggbrush and spatula.

3.2.6Radiocarbon dating

For radiocarbon datinggubsamples of bulk material wetaken out of theselected9 samples during
division Dating took place at AWI Bremerhaven usirdiai Cabon Daing System(MICADAS)Ages
were calibratedusing Calily.1 (Stuiver et al., 2018)and the agelepth-model was developed using
the Bacon pakage in the R environment version 3.88laauw and Christen, 2011; R Core Team, 2016)
For calibrationdalibrated years before presentd] yr Bp), IntCall3 was usg@Reimer et al., 2013)

3.2.8Total carbon (TC) and total nitrogen (TN) determination

All ground samples were measudawice for TC and TN combined usingo55.8 mg of each sample

per measurement. The weigh was carried out using @artorius micro MR laboratory scale with an
accuracy of: 0.001 mg. Samples were put into pure tin capsules and tungsten(VI)oxide was added for
combustion catalysis. Analysisas carried out by usingnavario EL IIElement AnalyzefElementar
Analysensysteme GmbH)hich first heats up the samplestilr®50 °C \ithin an oxygersaturated
heliumatmosphere. Carbon dioxid€Q), elemental nitrogen(N,), nitrogen oxidgNO)and nitrogen
dioxide(NQ) are formed and then reduced inside a copydied reduction tube at 850 °C.

Analysis then starts at 5@ when nitrogen is molaéd and transfers into the measurement chamber,
getting detected by a heat conductivity sensor, resulting in a peak in heat conductivity. The vario EL Il
then heats upto 130 °C, allowing for carbon dioxide to reach the measuctmgmber, resulting in
another heat conductivity pealdeight and expansion of these peaks are put into context with initial
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sample weight, giving TC and TN values in wt% with an accuracy of 99.9 % for nitrogen and 99.95 % for
carbon.

To prove these accacies, an initial set of calibration standards, consisting of acetanilide, sucrose and

30 % EDTA, was measured, as well as a control sequence of 20 % EDTA, 12 % calcium carbonate
IVA33802150 (soil standard, C=6.7 %, N=0.5 %, Sssdll%jandard 1 (C=8%, N=0.216 %hd S/N

338 40025 (soil standard, C=1.697 %, N=0.186 b&tween eacl830 measurement€ach sample was
measured twice and the lab internal difference between thhe measurements i40 %maximum

3.29 Total organic carbon (TOC) determination

To differentiate between TC and TOC, all samples were measitledn elementary analysis device
varioMAX Element AnalyzgiElementar Analysensysteme Gmblitllises catalytic tube pyrolysis with

pure nitrogen (9.996 %) as a carrier gas. Sample mass for this measurement depends on its TC content
and the samples wereweighted into steel crucibleaccordingly,using aMettler Toledo XS105
dualrangeanalysis scale (accuracy40d.1 mg).

Prior to a sample measuremd, a calibration setvasmeasured consisting of 30 % glutamate, pure
glutamate and 2:3 glutamate. A control sequence after each 15 samvplrade up of 2:3 glutamate,
10:40 glutamate, 5:45 glutamate and 1:19 glutamate.

The crucibles containing the samplegere heated to 580 °C in maoxygensaturated helium
atmosphere, resulting inarbon dioxiddormation. The gasewerethen further heated untib30°Cto
ensure the complete carbon dioxide formatidrom all present orgnic carbon The varioMAX C
Element Analyzeis equipped with two detection tubes, where one is used for samples with little
carbon content up to 2 % and therefore is more sensitive, while the other is used for samples
containing more than 2 % of carbonowever, there is a mimum detectable carbon conteruf 0.1

%. To determine the carbon dioxide peak duringegration, the cut off valuds calculated from
parameters such as sample mass and expected carbon coiitemtalue and occurrence time of this
peak enablethe determination ofthe total amount of organic carbonThe accuracy of the
measurement was 99.9 %. To gain information about the decomposition state of the organic matter in
the samples, a ratio was calculated from TOC and TN values, rei@as/NA hgher ratio indicates

a better-preserved state of the contained organic matter.

3.2.10 Stabilecarbonisotopes

To prepare the samples for stabile isotope analysis, any carbonate ions present had to be removed. In
order to do so, a small amount of each sample heated to 97.7 °C for three houirs20 ml 1.3 molar
hydrochloric acidHCI)in 100 ml Erlenmeyer glagiasksand diluted withpurified water afterwards.

During cooking, the reaction expresseceguation 2took place.

To remove the Clions originating from the hydrochloric acidilution and sedimentation were
repeated until Clcontent was less than 508pm. This was to ensure pure isotope measurement, as
charged ions would influence the electromagnetic field in the following mass spectrometry
measurements as well as react different to ionizatido.test for tle Cl content, Quantofix Chloride

test stripes were used. The diluted samples were vacdilinated usingGE Healthcare Life Sciences
Whatman glass microfiber filterdried at approx. 50 °C afterwards and subsequegritydedby hand.

The peparation of the measuremeritvolved placingach sample in pure tin capsules with a targeted
weight followingequation 3 The weighn was carried out using &artorius micro M2Raccuracy of
0.001 mg) with a deviation of 0.02 mg maximum in reference to the target wéldat.aalysis was
carried out using aDelta V Advantage Isotope Ratio M8pplement(Thermo Fisher Scientific)
equipped with aFlash2000 Organic Elementar AnalyzéFhermo Fisher Scientifiojhich both use
pure helium for carrier gas.
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The analysis consists of a number of steptrting with sample combustion and oxidation at 1020 °C
with chrome dioxide (Crf) as an oxidant. This leads to the formation of carbon dioxide) (&

several nitrogen oxides (NOTheywerethen reduced at 650 °C using elemental copper (Cu), forming
pure nitrogen (M), but leaving the CQunaltered. Separation of these gases is realized by use of a gas
chromatography tube, which is faster passed by the lighter nitrogen molecules than the heaxier CO
Therefore nitrogen enters the mass spectrometryitiearlier. In there, elemental nitrogen from an
external source is measured as reference, followed by the nitrogen partition of the sa@mpde.
nitrogen has passed through the unit, the sanfpIEQ partition reaches the mass spectrometer and

is followed by external GQor areference measurement. Measuring works by ionizing the sample or
reference gas by inducing energy via electron impulses. The analysis unit then separates the ions
following thesample€® mass/charge ratio and detects the i6ksergy intensity at the detection unit.

The measured values got linearly corrected using the reference measurements. The accuracy of this
measurements was 0.15 - .

2060 co6@ao60 ¢goa OO

(3) 0 W QUK WH "Q

1 3Cmeasuremens were carriedout for 23 out of 64 samples as it requires detectable TOC amounts,
which only 23 samples provided (sebles 2 and4).

Values for 13C are calculated:in VPDB (artificiadtandard, Vienna Peedee Belemnite)

Measurement values are negative as the VPDB reference value has a very#/litfratio (Coplenet
al., 2006)andwere corrected for plotting usingt *C &

3.2.11 Mass specific ragnetic susceptibility

Magnetic susceptibilityXn) was measured using 8attington Magnetic Susceptibility Meter Model
MS2 equipped with a Baington Magnetic Susceptibility Sensor MS (#artington Instruments, UK)
It measures the magnetizability of a sample in an external magnetidridld® m® kg?!. The magnetic
field varies sinusoidally, depending on the set frequency. Frequersessfor measurement were 4.65
kHz (high) and 0.465 kHz (low).

Due to large differences, three group$ mineralscan be differentiated by this: diamagnetics (e.g.
quartz, feldspar), paramagnetics (e.g. pyroxene, biotite) and farrd ferrimagnetics (g. magnetite,

iron sulfides).While diamagnetics do not have a magnetic dipole moment, paramagnetics have a
permarent dipole which is ecited by activating the external magnetic field. Ferromagnetics show an
own permanent magnetic dipoJehence they are mgjhtly magnetic without being externally
magnetizedwhich gets strongeby using the external fiel(Butler, 1992; Dearing, 1999)

Xm is @ masspecific parameter, defined as the ratio of volume magnetic susceptiliijignd the bulk
density (). This is shown iequation 4. TheMS2 can directly measurenXbut for calibration each
sample was measured three times and the average was calculated.

@6 -
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3.2.12Grain size analyss

In preparationfor grainsize analyss, organic matter contained in the sampleasremoved. To do so,

the grain size subsamples were treated with 100 ml 3% hydrogen peroxi@g @md approx. 4 ml

25% ammonia. The samples were then put on a shaker for 28 days to allow for all organic matter to
react. To maintain a reactiesupporting pH between 6 and 8, small amounts of 25% ammania
concentrated acetic acid were added, afsetding 10 ml 30% hydrogen peroxide>®j).

Grain size distribution was measured usiniylalvern Mastersizer 30D (Malvern InstrumentsUK)
equipped with aMalvern Hydro LWvet-sample dispersion uniiThis device uses a ré&83 nm laser

and a blue 470 nm LEDhish are sent into the suspended samples and their refraction is measured
by a focal and several scatter light detectonshich detect the light scattering for each particlene

light impulses on each detector are used to calcuthtecontained grain sés.

To optimize the results, the orgadiee samples underwent another series of preparation steps. First
they were filled up with purified water and centrifuged to narrow the sample volusubsequently,
the samples werdreezedried and homogenized. 1 gf each sample was then weighted into plastic
jars, mixed with approx. 0.5tgtra-Sodium Pyrophosphate dtydrate (NaP.O;*10H,O)for dispersion
and 0.0001 % ammonia soluti@nd put on aGerhardt Laboshakeverhead shaker foat least24
hours.

Theresulting samples were divided into eight equal subsampkisg aFritsch laborette 27 Rotary
Sample DividerEach one of them was measured using the Mastersizer, which resulted in three
measurements per subsample. If deviation in small, middle and Gaja size classes was less than

10 % after measuring three subsamples, these results were taken as representative for the whole
sample. Otherwise, measurement was continued, until the whole set of eight subsamples was
measuredIn the following, an averagl record is created per sample, consisting of the values of the
several subsample measurements.

All statistics were calculated out of these measurements using Grad@tit and Pye, 2001)
Results are shown tables 1and3.

For grain size classification, tlernational 1ISO 1468&8:2017 scalewas used, classifying clay as
particlesX >m, silt ranging from 2 to 63m and sand ranging from 63n to 2 mm(ISO, EN, 2017)

while all particles > 1 mm were removed during the sample division process; no particles > 1 mm were
found.

All graphs were plotted using Graph@&@olden Software, LLCifynot specified.
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4 Results

4.1 Core description

The YED1 corppearsoptically heterogenous with material varying from fine clayish grey material to
sandygreyish brown materialThe ground ice types includgructureless to micrdenticular ice as

well as larger ice veins and bands (highlighteBigure 6at 620 and 103@m BS). An ice wedge was
found ranging from 691 to 1005 cm BSglre § and is represented by fractioned pieces of ice in the
core. 8emingly organic matter is visible in form of brown to black dots and lenses up to 2 cm in
diameter (highlighted ifrigure 6at 330 cm BSParts of an adjacent sand wedge were found at 1920
cm BSKigure §. It contains one talik close to the surface at amar100 to 200 cm BS.

Figure8 - YED1 core 133B345 cm BS; representative picture for the third unit (gafeigure 9 of the YED1 coreith
micro-lenticular to nonvisible iceleft ruler: continuous depth measurement, righlter: location within the
core fractal examined

Figure 8displays the appearance of the YED1 core between approx. 1000 and 1900 cm BS
representatively. It has a light, greyish colour and a coarse texture without any visible ice. There are
no opticallyorganicrich areas visible in this fraction of the core. This matches the laboratory results of
verylow ice content and sandy material with no detectable carldeigire 9.

Large sections ohe Alasl corevere lostduring drillingbecause a talilvas encountered@approx. 160

to 750 cm BS)t appears to be more homogenotisan the YED1 coiie termsof colours and material
(clayish to silty greyish brown materiagfgure 7). Ice structures are mostly horizontal ice lenses up to
5 cmthick and stuctureless norvisible ice. Organic matter is presentlire form of blackish dots and
lenses up to 1 cm in diameter (highlighteddgure 7at 1530 cm BS).




















































































