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Abstract

Abstract

The northern circumpolar permafrost regions are warming faster compared to the global mean.
As a result, the duration of annual thaw seasons is increasing, so that the permafrost is
subjected to increasingly deep thaw. Within the permafrost zones large amounts of carbon
were buried over thousands of years and previously freeze locked due to the cold climate.
These carbon sinks are affected by the consequences of global warming and become available
for microbial degradation, and thereby potentially turning from carbon sinks into carbon pools.
As a result of the microbial degradation of organic matter, the greenhouse gases carbon
dioxide and methane are released into the atmosphere, amplifying the global warming, and
forcing a positive climate feedback. Among the permafrost deposits, Pleistocene sediments,
termed Yedoma, are especially vulnerable to climate change induced rapid thaw and subject

to thermoerosion because of their high ice-content.

While chemical characterizations of permafrost organic matter and laboratory incubation
experiments give information about the degradability of Yedoma organic matter, actual field-
studies documenting the extent and exact sources of greenhouse gas release are limited. The
analysis of carbon isotopes (*3C, *#C) can be used to estimate the age of the permafrost organic
matter that is being degraded into greenhouse gases and trace their sources. This is done by
collecting carbon dioxide during either field expeditions or during analogue laboratory
incubation experiments. Samples are handled in laboratory vacuum rigs, during which the
amount of carbon dioxide is quantified and purified from other gases that have been collected
along the carbon dioxide. While these methods are overall established and reliable, the
analyses are, however, sensitive towards contamination from exogenous carbon sources. The
sensitivity towards contamination is amplified towards increasingly smaller sample sizes, down
to a few micrograms of carbon. Thus, assessments are necessary to quantify how much
contamination is introduced during the preparation of carbon dioxide samples for isotopic

analysis and to determine what is the smallest sample size that still delivers meaningful results.

The aims of this thesis were to evaluate the laboratory methods applied for the isotopic analysis
of carbon dioxide and apply these methods and sampling devices to a field study investigating
the degradability of freshly thawed Yedoma organic matter. The evaluation of our existing
laboratory methods to handle carbon dioxide demonstrated that routine measurements can
safely be performed on samples as small as 20 ug C. Samples as small as 2.5 ug C can also
be analyzed, however the associated uncertainty is very large and prevents the analysis of
14C-depleted samples. Further, new methods for the isotopic analysis of methane via
accelerator mass spectrometry were established. This required the development of a workflow

and pre-treatment routine to convert methane samples to carbon dioxide. After establishing a
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satisfying conversion rate, first test runs of different standards and gas mixtures further allowed
the identification and quantification of sources of exogenous carbon, potentially contaminating
samples. During the application study, carbon dioxide emissions were collected along with
Yedoma sediment samples from an active retrogressive thaw slump in the Lena River Delta in
Siberia. The sediment samples were incubated in the laboratory for a 1.5-year aerobic
incubation experiment, during which the amount of produced carbon dioxide was closely
monitored and sampled at fixed intervals. The carbon isotopy of the carbon dioxide sampled
during the field campaign was compared with the carbon dioxide produced during the
incubation experiment and a mass balance approach was applied to identify carbon sources

based on isotopic values.

The results show that labile organic matter pools are being degraded first and that their
contribution to carbon dioxide emissions is decreasing after the initial thaw. Mostly ancient
organic matter is being degraded at sites where Pleistocene-aged Yedoma is exposed, the
admixture of Pleistocene Yedoma sediments with younger Holocene sediments through
erosion does not favor the degradation of ancient organic matter through positive priming.
Instead, younger substrates are degraded preferentially, if available. Most surprisingly, the
results of the mass balance approach suggest, that a significant proportion of the carbon
dioxide, that was released during the field measurement as well as during the laboratory
incubation, was derived from inorganic carbon. The release of carbon dioxide from inorganic
carbon is likely favored by low pH values and organic acids contained in the thaw slump
sediments. The results of the carbon isotope analysis further suggest that a fraction of the
carbon dioxide derived from secondary carbonates. Therefore, it is hypothesized that these
secondary carbonates precipitated from microbially respired carbon dioxide and thus would

not contribute to a net positive carbon emission budget.



Zusammenfassung

Zusammenfassung
Der Temperaturanstieg der nordlichen zirkumpolaren Permafrost Gebiete ist starker als der

globale Durchschnitt. Das Ergebnis sind langere jahrliche Tauphasen und das damit
verbundene, tiefer voranschreitende, Auftauen des Permafrostbodens. Diese
Permafrostboden und Sedimente enthalten groflze Mengen von Kohlenstoff, welche tber einen
Zeitraum von vielen tausend Jahren dort abgelagert und, bedingt durch ein kontinuierlich
kaltes Klima, vor Zersetzung geschutzt wurden. Diese Kohlenstoffsenken sind als Folge der
globalen Erwarmung erhdhten Temperaturen ausgesetzt. Es besteht das Risiko, dass diese
Kohlenstoffsenken dauerhaft zu Kohlenstoffquellen werden und als Folge von mikrobiellem
Abbau die Treibhausgase Kohlenstoffdioxid und Methan freisetzen. Unter den Permafrost
Ablagerungen werden besonders die eisreichen pleistozanen Sedimente, genannt Yedoma,
von den Folgen eines warmeren Klimas beeinflusst. Aufgrund des hohen Eisgehaltes haben
diese Sedimente das Potenzial besonders schnell aufzutauen und durch Thermoerosion in
kurzer Zeit viel Kohlenstoff freizusetzen.

Die chemische Analyse von organischem Material, welches in Permafrost abgelagert war, ist
zwar hilfreich und liefert Informationen tber die enthaltenen organischen Substrate, gibt jedoch
nur wenige Informationen Uber das Ausmafl} der mdglichen Kohlenstoff Freisetzung.
Feldstudien bei denen Treibhausgasemissionen gemessen und deren Quellen ermittelt
werden sind entweder durch die schwierige Durchfiihrbarkeit, aufgrund der widrigen
Bedingungen in der Arktis, limitiert oder deren Ergebnisse nur schwer verallgemeinerbar. Die
Analyse der Kohlenstoffisotope (**C, C) wird in diesem Zusammenhang genutzt, um das Alter
der zu Treibhausgasen umgewandelten organischen Substrate und deren biologischen
Ursprung zu ermitteln. Diese Analysen werden durchgefiihrt, indem Kohlenstoffdioxid oder
Methan entweder direkt als Emission von Permafrost Ablagerungen oder aus analogen Labor
Inkubationsexperimenten gesammelt werden. Die Gasproben werden vor der Analyse in
Vakuumsystemen aufbereitet und von anderen, unerwiinschten Gasen, getrennt und
anschlielRend quantifiziert. Diese Methoden werden zwar routiniert angewendet, die Analysen
sind jedoch anféllig gegentber Kohlenstoff der aus externen Quellen, wahrend der
Aufbereitung und Beprobung eingetragen wird. Die Methodik zur Analyse von
Kohlenstoffisotopen ist in den vergangenen Jahren stetig verbessert worden und die
Moglichkeit geschaffen worden immer kleinere Mengen Kohlenstoff, bis zu wenigen
Mikrogramm, zu analysieren. Mit immer kleiner werdenden Probemengen steigt auch die
Anfalligkeit gegeniber Verunreinigungen durch Kohlenstoff aus externen Quellen. Um
weiterhin aussagekréftige Analysen von sehr geringen Mengen Kohlenstoff zu erméglichen,

sind kritische Beurteilungen der angewendeten Methodik zur Aufbereitung notig.



Zusammenfassung

Die Ziele dieser Arbeit waren es, die Methoden zur Aufbereitung von Treibhausgasproben im
Labor zu evaluieren und die Methoden und Gerate zum Beproben von Kohlenstoffdioxid zu
nutzen, um Informationen tber die Abbaubarkeit von organischen Substraten aus aufgetautem
Yedoma zu gewinnen. Die Ergebnisse der Evaluierung zeigen, dass Messungen von Proben
bis herunter auf 20 pg C zuverlassige Daten liefern. Die Evaluierung der bestehenden
Aufbereitungsmethoden von Kohlenstoffdioxid zeigte weiterhin, dass Proben von etwa 2.5 ug
C zwar gemessen, aber aufgrund der hohen Messunsicherheit nur gering aussagekraftig sind.
Dies betrifft vor allem Proben, die nur sehr geringe Mengen **C enthalten. Weiterhin wurden
neue Methoden zur Analyse von Methan mittels Beschleuniger Massenspektrometrie etabliert
und anschlieBend getestet. Diese Tests erforderten zunachst den Bau eines Systems zur
Oxidation von Methan zu Kohlenstoffdioxid und das Erreichen einer konstant hohen
Oxidationsrate. Erste Tests mit verschiedenen Gasgemischen und Standards ergaben
vielversprechende Daten zur Abschatzung und Identifikation von Kontaminationsquellen. Die
Studie zur Anwendung wurde an Yedoma Sedimenten durchgefuhrt, die an einer aktiven
Thermoerosionsrutschung im Lena Flussdelta in Sibirien gesammelt wurden. Ein
Inkubationsexperiment wurde fur 1.5 Jahre an gesammelten Sedimentproben durchgefiihrt
und Kohlenstoffdioxid, das wahrenddessen produziert wurde in festen Intervallen zur Messung
entnommen. Die Isotopie von Kohlenstoffdioxid aus diesem Experiment wurde mit der von im
Gelande gesammelten Kohlenstoffdioxid verglichen und eine Massenbilanz auf Basis der
Isotopie, errechnet, mit deren Hilfe die Quellen des freigesetzten Kohlenstoffdioxids

identifiziert wurden.

Die Ergebnisse dieser Bilanzierung zeigen, dass labile organische Substrate als erstes
abgebaut werden und deren Anteil an den Gesamtemissionen nach initialem Auftauen des
Yedoma geringer wird. An den Orten an denen pleistozaner Yedoma durch Thermoerosion
freigelegt wurde, wird zum Grof3teil Kohlenstoffdioxid aus alten organischen Substraten
umgesetzt. Das Durchmischen von Yedoma mit jingeren holozénen Sedimenten, welche von
der Uber dem Hangrutsch liegenden intakten Tundra erodieren, scheint keine zusétzliche
Zersetzung von alten Substraten zu begunstigen. Uberraschenderweise zeigen die
Ergebnisse der Massenbilanz, dass ein wesentlicher Teil des freigesetzten Kohlenstoffdioxid
aus anorganischen Quellen umgesetzt wurde. Diese Freisetzung aus Karbonat wird
wahrscheinlich durch geringe pH-Werte und die Ansammlung von organischen Sauren im
Sediment begtinstigt. Die Ergebnisse der Bilanz deuten weiterhin daraufhin, dass ein Teil
dieses, aus Mineralien gebildeten Kohlenstoffdioxid aus sekundédrem Karbonat freigesetzt
wurde. Es wird daher angenommen, dass diese sekundaren Karbonate aus mikrobiell
gebildetem Kohlenstoffdioxid ausgeféllt wurden und somit nicht zu einer Netto-Emission

beitragen.
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Introduction

Introduction

The permafrost carbon feedback

Permafrost is defined as ground that remains permanently frozen (i.e., below 0°C) for at least
two consecutive years. The definition includes any soil, rock or sediment being deposited by
various mechanisms, such as aerial or alluvial transport, or being reworked as a result of
cryoturbation (Ping et al., 1998; Zimov et al., 2006; Schirrmeister, 2011). Most of the global
permafrost is situated in the northern circumpolar regions, where vast amounts of organic
matter (OM) have been accumulated and deposited in the soils over the last thousands of
years (Lindgren et al., 2016). Low temperatures that lasted over a long period of time slowed
down OM decomposition rates. As a result, primarily leaf and root detritus accumulated over
time and fully removed the frozen and buried OM from active carbon cycling (Harden et al.,
1992; Davidson and Janssens, 2006). As a consequence of increasing global temperatures,
which are most pronounced in high latitudes, permafrost and especially the ice-rich permafrost
sections become subject to extensive thaw. This makes the OM that was stored for millennia
in permafrost available for microbial degradation transforming organic carbon (OC) into
greenhouse gases (GHGSs) such as carbon dioxide (CO,) and methane (CH4, Schuur et al.,
2008). The release of the previously stored OC as GHGs further amplifies the warming, leading
to longer thaw periods during the year and consequently to thawing of deeper permafrost
layers. Subsequently, even more GHGs are being produced, which forces a positive feedback
(Fig. 1, Schaefer et al., 2014; Schuur et al., 2015). Rising temperatures in northern latitudes
are also responsible for the decline of sea-ice and a decrease of snow cover on land, which,
in turn, changes the summer albedo to further favor a warming trend (Chapin, 2005; Wu et al.,
2021). Therefore, the projected temperature increase in polar regions is estimated to be about
twice as fast as compared to the global mean, leading to potential losses of 10 — 65% of surface
permafrost until the year 2100 (Koven et al., 2015; Box et al., 2019; Beer et al., 2020).

The northern circumpolar permafrost carbon stock

While there is consensus about the general implications of increased temperatures in polar
regions such as CO, and CH4 production for autotrophic and heterotrophic respiration from
plants and microbes and accelerated reaction kinetics, the extent of increasing temperatures
to such a highly complex and dynamic ecosystem are not fully understood (Davidson and
Janssens, 2006). There is still a discourse about the mechanisms of the carbon (C) feedback.
Firstly, the absolute amount of OM stored in permafrost needs to be determined. It is estimated
that about 24% of the terrestrial area in the northern hemisphere (23 million km?2) are covered
with permafrost (Brown et al., 1997; Zhang et al., 1999). Early and limited estimates resulted
in about 192 Gt of OC that is stored within the upper 100 cm of the tundra (Post et al., 1982).
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In more recent years, estimates for the upper 100 cm of permafrost affected grounds were
corrected to 269 Gt of OC (Tarnocai et al., 2003). During the last decades research on C stocks
in permafrost continued and with increasing knowledge estimates for deeper permafrost
deposits were published. These new data massively increased the estimated permafrost
carbon stocks to 1024 Gt OC down to a soil depth of 300 cm and in total to 1672 Gt OC stored
in the northern circumpolar region, including soils, Yedoma and deltaic deposits (Tarnocai et
al., 2009). However, a revision of the methodology for the calculation of carbon stocks adjusted
the estimated OC content in the permafrost region down to 1307 Gt OC, which is slightly less
than about twice the amount of the total atmospheric C (Houghton, 2007). About 500 Gt OC
are contained within the active layer or in taliks (unfrozen ground within permafrost areas, often
associated with water bodies), while about 800 Gt of OC are perennially frozen (Hugelius et
al., 2014).
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Figure 1: Concept of permafrost C feedback and map of the northern Hemisphere with estimated OC stocks of
circum-Arctic permafrost down to 3 m depth and estimated extent of the Yedoma domain (adapted from Strauss et
al., 2017).
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Mechanisms of permafrost degradation

The active layer (AL) is defined as the uppermost layer of the permafrost that is subject to
annual thaw. Here, most of the chemical and physical processes associated with permafrost
degradation occur upon thaw (Hinzman et al., 1991). The top-down thawing of permafrost
occurs during the warmest months of the year, in the summer. With increasing climate warming
the annual thaw period is extending, so that the AL is gradually thickening (Kane et al., 1991,
Akerman and Johansson, 2008). This, in turn, enables soil drainage, and additional C
mobilization pathways. C mobilization can occur by transport in watery solutions and microbial
degradation, by oxygenation of previously water saturated ground layers (Guo et al., 2007,
Gustafsson et al., 2011, Kittler et al., 2017). Large sections of permafrost contain extensive
amounts of ice, locally exceeding the initially deposited volume of sediments. These areas are
very sensitive to even small increases of the depth of the active layer (Farquharson et al.,
2019). Upon thaw, meltwater from these ice-rich permafrost deposits enables rapid erosion
and ground subsidence due to the collapse of the sediments above the melting ice masses
(Osterkamp et al., 2009). This thermoerosional change in landscape is called thermokarst and
enables different processes such as the formation of thermokarst lakes and bogs (Kuhry, 2008;
Grosse et al., 2008), the formation of retrogressive thaw slumps (Alexanderson et al., 2002;
Lewkowicz and Way, 2019), the downslope movement of large active layer masses
(Lewkowicz, 2007), or formation of thaw gullies (Fortier et al., 2007). All of these forms of
thermokarst affect deeper permafrost deposits in addition to the annually occurring top-down
thaw affecting the permafrost surface (Osterkamp et al., 2000; Morgenstern et al., 2011; Kokel
et al., 2013; Turetsky et al., 2020). Therefore, the occurrence of thermokarst is discussed as a
potential climate tipping element, because the thermokarst-induced changes occur rapidly and
potentially mobilize large amounts of previously frozen OM rapidly into active C cycling
(Czudek and Demek, 1970; Schuur et al., 2008; Grosse et al., 2011; Lenton, 2012; Strauss et
al., 2017; Nitzbon et al., 2020).

Yedoma

Beringia is a geographically conceptualized region that describes the North American and
Siberian Arctic from the Taymyr Peninsula to the Yukon Territory (Hultén, 1937). Large areas
of this region remained unglaciated and thus an extensive sedimentary record since the
Pliocene has been preserved (Schirrmeister et al., 2013). The ice-rich silt and fine sand
deposits that accumulated in these unglaciated areas during the Pleistocene are termed
Yedoma (Fig. 1). They can be up to 50 m thick, a result of relatively constant sedimentation
rates (Schirrmeister, 2011; Schirrmeister et al., 2013; Lindgren et al., 2016). The extensive
sedimentation, that started in some locations about 71 — 60 thousand years ago (Schirrmeister

et al., 2011), lead to the incorporation of about 327 — 466 Gt OC, which represents a quarter

3
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of the total OC stored in the global permafrost. The term Yedoma was historically used in the
field of geomorphology, implying a term to describe hills that separate thermokarst depressions
in Siberia and in the field of stratigraphy to describe the locality of Pleistocene horizons. In this
thesis and other more recent Yedoma studies, it is mainly understood as silt- to sand-sized
loess-like deposits across all Beringia, that contain an exceptionally high ice-content (> 80
vol%) and form local massive syngenetic ice-wedges. The sedimentary and cryo structures of
Yedoma are exhibited cross-regional in addition to the occurrence of well-preserved fossilized
flora and fauna (Vas’kovsky, 1963; Tomirdiaro, 1996; Kanevskiy et al., 2011; Strauss et al.,
2017).

Recent studies point to a polygenetic origin of the deposits that include various sedimentation
mechanisms leading to the formation of Yedoma (Strauss et al., 2017). There are regional
differences in the sedimentation history that still cause debates about Yedoma genesis. Most
prominent sedimentation mechanisms, in addition to cryogenic weathering and formation of
syngenetic ice-wedges, were suggested to be aeolian deposition, which is stronger
pronounced in eastern Beringia, and transport through water such as floodplain overbanking
and alluvial runoff (Strauss et al., 2017). However, there is a consensus that excludes glacier-

and shallow-marine-related sedimentation to the formation of Yedoma (Strauss et al., 2017).

Its high ice-content makes Yedoma especially vulnerable to thaw and puts it at risk for
substantial GHG release through abrupt events of thermoerosion within a warming climate.
Numeric models are projecting arctic warming and the release of GHGs, however, the
contribution of rapid thawing from ice-rich Yedoma deposits has not yet been incorporated
properly (Schneider von Deimling et al., 2015). A major data gap is the knowledge about the
decomposability of Yedoma OM. Due to the constant sedimentation, it is generally assumed
that OM in Yedoma deposits is rather well preserved, because it accumulated quickly and has
not undergone substantial decomposition since freezing (Dutta et al., 2006; Zimov et al., 2006).
So far, studies on the degradability of Yedoma OM have relied on the analysis of OM substrate
quality (Strauss et al., 2015) and monitoring experiments of GHG release from Yedoma
deposits in controlled laboratory environments to assess the overall degradability (Dutta et al.,
2006; Lee et al., 2012; Knoblauch et al., 2013; Stapel et al., 2016; Weiss et al., 2016; Faucherre
etal., 2018; Walz et al., 2018). Actual field studies are scarce, because of the remoteness from

infrastructure and harsh weather conditions outside the summer months.

In numerous laboratory incubation experiments heterotrophic respiration has been monitored
by the CO./CH4 production to mirror in-situ GHG release from permafrost deposits (Schadel et
al., 2014 and references therein). These studies suggest that the most labile components of

OM are rapidly degrading upon thaw, which is reflected by high initial respiration rates just after
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the start of the experiment that were declining over the course of the experiment (Dutta et al.,
2006; Knoblauch et al., 2013; Schéadel et al., 2014). However, lower respiration rates do not
necessarily imply a higher degree of OM decomposition (Kuhry et al., 2020). The amount and
composition of OM in Yedoma may vary, both spatial and temporal, besides the overarching
similarities in depositional features (Strauss et al., 2015; Weiss et al., 2016; Walz et al., 2018).
The analysis of OM substrates and CO; respiration rates gives hints towards the overall
degradability of OM in permafrost deposits. However, it is unclear whether the released CO
and CH4 have derived from recently thawed Pleistocene Yedoma or rather from fresh plant
detritus. Assessments of the sources of OM contributing to GHG emission have been
established by analyzing the isotopic composition of OM substrates and the emitted CO, and
CHa (Schuur and Trumbore, 2006; Czimczik and Welker, 2010; Estop-Aragonés et al., 2018).
By analyzing the radiocarbon (**C) content of the released gases it is possible to determine
the average time that has passed since the incorporation of the C containing parent material
into the permafrost. Implications about the overall degradability can be deduced by comparing
the amount of GHG emissions from old and young carbon sources. In addition to **C analysis,
the stable carbon isotope *C can be used in combined mass-balance approaches to
differentiate between individual sources of the GHG release, i.e., autotrophic, heterotrophic, or
abiotic origin (Dorsett et al., 2011; Tamir et al., 2011; Griffith et al., 2012; Ramnarine et al.,
2012; Pries et al., 2016). Efforts over the last years have been made to establish reliable
methods to collect CO- using molecular sieve cartridges (MSCs), in addition to sediments from
in-situ thawing permafrost deposits and analyze its respective *C content via accelerator mass
spectrometry (AMS, Hardie et al., 2005; Garnett and Murray, 2013; Palonen and Oinonen,
2013; Wotte et al., 2017a, 2017b).



Aim and Outline

Aim and Outline of the Thesis
The projected temperature increase in the Arctic is twice the global average, this exposes the

OM stored for millennia in permafrost deposits to the risk of decomposing and become a
source for the release of GHGs such as CO; and CH.. A rapid GHG release from ice-rich
Yedoma deposits from Siberia to Canada through thermoerosion threatens to quickly tip the
scales and force a positive climate feedback. Due to the scarceness of data that are assessing
the sources of released GHGs there is a need for further studies. With the analysis of **C and
13C from respired soil gases we gain insights about their age and origin. Methods associated
with the collection and analysis of CO; have evolved over the last years and the establishment
of these techniques as routine procedures, however, still requires evaluation. Moreover, the
established methodology at our accelerator mass spectrometry facility, CologneAMS, only
allows for analysis of CO,. Assessments on the potential of CH4 release from permafrost are
nonetheless required for accurate predictions of Arctic carbon cycling. In order to improve and
evolve the capability in GHG analysis the following objectives for this thesis were formulated:

a) Evaluation of the contamination with exogenous carbon that is introduced during pre-
treatment procedures required for #C measurements via accelerator mass
spectrometry (Manuscript I).

b) Identification of carbon sources that are contributing to CO, emissions from thawing
deep Yedoma deposits located in the Lena River Delta (Manuscript I1).

c) The development and establishment of a reliable laboratory setup to routinely prepare

permafrost derived CH,4 gas for **C analysis at CologneAMS (Manuscript Ill).

The following chapter gives information about the methodological background of carbon
isotopic analysis and about the main study area, the Lena River Delta, Siberia. Chapters 3 to
5 are independent manuscripts that were published (Manuscript I, Manuscript 1l) and in
preparation for future submission (Manuscript ll1). A synthesis chapter, discussing the different
manuscripts, their main findings as well as a summary with an outlook on future research

perspectives will be included at the end of this thesis.
Manuscript I

Melchert, J. O., Stolz, A., Dewald, A., Gierga, M., Wischhofer, P., and Rethemeyer, J. (2019).
Exploring sample size limits of AMS gas lon Source *C analysis at CologneAMS. Radiocarbon
61, 1785-1793. doi:10.1017/RDC.2019.143.

The direct injection of CO; into an accelerated mass spectrometer allows the measurement of
much smaller sample sizes compared to manual graphitization. While the requirements

regarding the sample size improved, the downside of the measurement of smaller samples is



Aim and Outline

that the analysis is more prone to contamination from exogenous C. Therefore, the pre-
treatment methods for the *C analysis of very small samples were critically evaluated.
Different series of standards were prepared and the amount of exogenous carbon that is
introduced during sample handling and processing was quantified. The determined amount of
carbon contamination is relatively small, and the results indicated that the measurement of
micro-scale CO, samples is possible and reliable for sample sizes down to about 20 ug C. This
finding was essential as the C analysis of CO. does require only about 10% of the amount of

C that is needed for graphitization to perform a meaningful analysis.

The study was designed according to counsel given by the co-authors. Laboratory work
including pre-treatment and preparation of CO> samples was done by me. The interpretation
of the data was done in collaboration with Merle Gierga. | wrote the manuscript myself under

guidance of Janet Rethemeyer.
Overall contribution of Jan Olaf Melchert: 90%.
Manuscript Il

Melchert, J. O., Wischhofer, P., Knoblauch, C., Eckhardt, T., Liebner, S., and Rethemeyer, J.
(2022). Sources of CO, produced in freshly thawed Pleistocene-age Yedoma permafrost.
Frontiers in Earth Science, 1408. doi: https://doi.org/10.3389/feart.2021.737237.

After the successful establishment of routine procedures for the *C analysis of CO,, a source
assessment of CO; released from an active retrogressive thaw slump in the Lena River Delta
was conducted. Applying a dual carbon isotope mass balance approach indicated that a
significant amount of CO, was released from inorganic sources, likely favored through the
mobilization of organic acids released from the microbial degradation of OM. While ancient
Pleistocene-aged OM as well as recent OM are being degraded to CO,, the mixture of both

suggested that recent OM is preferred by decomposing microorganisms.

The sampling in Siberia was performed by Philipp Wischhéfer. The preparation for *C and *C
analysis as well as calculations from data were done by me. The interpretation of the data was
done in close collaboration with Philipp Wischhéfer. The manuscript was written by me under

the guidance of Janet Rethemeyer.
Overall contribution of Jan Olaf Melchert: 70%
Manuscript IlI:

A new setup for **C analysis of CH4 at CologneAMS by Jan Olaf Melchert, Merle Gierga and

Janet Rethemeyer
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Further studies of GHG emissions from thawing permafrost in the Lena River Delta required
the establishment of methods to perform 4C analysis of CHs emissions. A new laboratory
setup was built, enabling to separate CO; from CH4 and subsequently oxidize it at high
temperatures to CO; for *C analysis. First tests of different series of standards and a biogas
mixture were run on the new system to evaluate the CH4 to CO; conversion efficiency, and to

estimate the contamination associated with sample handling and pre-treatment.

The CH4 oxidation vacuum system was built myself and | designed the overall study. The
laboratory work including pre-treatment and preparation of CO, samples was done by me.
Calculations and interpretation of the data were done by me, the manuscript was written by

me under guidance of Merle Gierga and Janet Rethemeyer.

Overall contribution of Jan Olaf Melchert: 95%
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Study Area

The study sites are located on Kurungnakh, which is one of the larger islands in the Lena River
Delta in Northeast Siberia (Fig. 2, Boike et al., 2013). It is part of the Siberian zone with
continuous permafrost, which extents between 400 and 600 m below the surface (Boike et al.,
2013). The Lena Delta covers an area of about 32,000 km? (Gordeev and Shevchenko, 1995;
Walker, 1998). The Lena River itself comprises a catchment area of 2.43 million km2.
Geomorphologically, the Lena River Delta consists of three terraces (Grigoriev, 1993): The
active floodplains, mainly covering the eastern delta, are considered to be the first terrace.
Between two of the main channels that are feeding the river in the western part, sandy deposits
are forming small islands that belong to the second terrace, while the sand deposits covered
by the Late Pleistocene Yedoma form the third terrace in the southern part of the delta
(Grigoriev, 1993; Schwamborn et al., 2012). The third terrace, to which Kurungnakh belongs,
is covered by an intact tundra vegetation that has formed during the Holocene. It lies beneath
the Olenyeksky, one of the four main channels feeding the river. Our study site is located on
the eastern side of the island, which is easily accessible from the nearby research station on
Samoylov island (Boike et al., 2013). Across the eastern shore of Kurungnakh, a large active
retrogressive thaw slump has formed (Fig. 3), on which large ice-wedges and the Late
Pleistocene sediments are exposed, overlain by the Holocene tundra, that is annually

retreating by about 7 m as a result of erosion (Stettner et al., 2018).
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Figure 2: a) Location of the Lena River Delta in northeast Siberia and b) location of Kurungnakh island and deposits
of the third river terrace (yellow) within the river delta (adapted from Morgenstern et al., 2011).

With the continuous retreat of the cliff due to erosion an ideal study site featuring conical thaw

mounds is being exposed on the slopes of the thaw slump (Fig. 3A). These thaw mounds are
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termed Baidzherakhs (Vasil'chuk et al., 2019). They are the remains of former Pleistocene
polygonal centers. During the Pleistocene OM has accumulated in these polygonal centers

(Stettner et al., 2018) that are now easily accessible after erosion.
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B 2017

Figure 3: Exposed Yedoma sediments on the active thaw slump located on Kurungnakh island from 2016 — 2018.
Pictures A to C highlight the continuing erosion clearly visible by the retreating Holocene terrace and the
increasing vegetation cover of the exposed thaw mounds.
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Methodological Background

Carbon Isotopes

Carbon has three naturally occurring isotopes (atoms with the same proton- but different
neutron-counts). 2C is the most abundant C isotope (98.89%) while 3C only represents 1.11%
(Hoefs, 2015). *2C and *C are both stable isotopes and their quantity on Earth is constant.
The third isotope (**C) is created through nuclear spallation: Cosmic rays collide with gas
atoms in the upper Earth’s atmosphere which eject nucleons. The neutrons, ejected through
the collision, collide afterwards with N isotopes, which take up the neutron and release a
proton, forming “C as a result (Libby, 1946). In contrast to 2C and *3C, *C is unstable and
subjected to radioactive decay that occurs spontaneously. Thereby, *C is converted to N

through B~ decay, emitting an electron.

The Radiocarbon Method

The upper atmosphere is in constant interaction with cosmic rays and therefore 4C is
constantly being created. Through interaction with oxygen, **C forms 1*CO., and subsequently
enters the global carbon cycle. Formation and decay of *C are thus in balance leading to a
natural abundance of about 102%% in the preindustrial atmosphere (Schuur et al., 2016). The
14C0O2 molecules enter the carbon cycle through photosynthesis of plants or by exchange with
ocean waters. It is further distributed in carbonate bearing sediments or by animals that
consume *C-containing plant material and from there into the food chain to other animals and
humans. Living organisms therefore contain **C in a concentration similar to the atmosphere.
After death of an organism, 1*C is not taken up actively anymore and over time the organisms
14C concentration decreases through radioactive decay. The time that it would take 1 g of pure
14C to lose 0.5 g to radioactive decay, termed half-life, is constant and has been determined to
5,730 years (Godwin, 1962). Because the half-life of *C is known, it is possible to determine
the time since the organism died. This time is called radiocarbon age and is quantified by

measuring the 1*C content relative to the amount of the *2C isotopes (1).

rare 4c

~ abundant W

(1)

Historically, the *C content of a sample was determined by counting the radioactive decay
occurring over time and thereby calculating the samples activity (Stuiver and Polach, 1977).
More recent studies relying on *C analysis use accelerator mass spectrometry (AMS) as
method of choice. AMS uses the slight differences in mass between the carbon isotopes,
caused by the different neutron-counts, and selectively counts the heavier isotopes with

regards to the lighter isotope *C.
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To account for systematic errors occurring during AMS measurement, confirmation of results
by measuring a standard in parallel is required. Historically, oxalic acid | (Ox-1) was used as a
modern reference and the reporting of *C data still relies on this practice (Stuiver & Polach,
1977). Data in this thesis are reported as fraction modern (F*C), which is corrected for mass
dependent fractionation and is relative to 95% of the Ox-I (Stuiver & Polach, 1977). This
corresponds to a decay rate which is equal to the activity of the Ox-l in the year 1950.
Furthermore, this corresponds to the activity of 1890 wood, decay corrected to the year 1950,
which has been chosen to represent the *C content of a pre-industrial atmosphere (Schuur et
al., 2016). For this calculation, the Ox-l is not corrected for this mass dependent discrimination

against heavy isotopes. The fraction modern is thus defined by equation (2):

140
12,
14~ sample
Fl4c = ——gmele (2
Ox-1

The radiocarbon content of a sample (F**C) can be converted into a specific radiocarbon age.
The conversion into radiocarbon age is based on the early studies by Libby, who calculated
the half-life of *C to be 5,568 years. At the time, only a limited number of measurements were
performed and the half-life of *C was refined since then to 5,730 years (Godwin, 1962). By
convention, the Libby half-life is, however, still used to convert the F*C values into a

radiocarbon or *C age:
¢ age = —8033 In (F*() (3

As the half-life determined by Libby in 1949 is used for the calculation of the *C age, the
resulting age before present (BP) is referenced to before 1950. The interaction of cosmic rays
with the upper atmosphere is dependent on the sun’s activity and fluctuations in Earth’s
magnetic field and thus the production of **C has been slightly fluctuating through time as well
(Bronk Ramsey, 2008). Furthermore, the extensive nuclear-weapons tests performed during
the Cold War era doubled the amount of *C in the atmosphere (De Vries, 1958). To
compensate these effects calibrations are used to convert *C ages into calendar ages (cal
BP, AD/BC, Reimer et al., 2020). In this thesis, however, data will be reported in F*C or

uncalibrated **C ages.

Stable Carbon Isotope Analysis

The extra neutrons contained in *C and *3C increase the atoms weight relative to *?C. This
slight increase in molecular weight affects the atom’s kinetics and isotopic fractionations occur
as a result. The distribution of heavy and rarer isotopes towards the lighter, more abundant

isotope in an ecosystem is measurable by the stable 3C content relative to 2C. The naturally
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occurring differences in this isotopic ratio (R) are small and therefore usually expressed in
parts per thousand (%o) using the delta (&) notation (Schuur et al., 2016):

13C

(=)

ample. 111000 (4)

- <13C>
12
Cc
standard

A referencing system was introduced that defined the d'°C value of a belemnite fossil taken
from the Pee Dee formation (PDB) in the USA to be 0%o (Urey et al., 1951). However, since its
introduction, the material of the original PDB standard was used up and instead the Vienna
PDB (VPDB) was introduced, which is relatable to the original PDB (Coplen et al., 2006;
Schuur et al., 2016). With the introduction of the PDB scale, it was possible to determine from
where a carbon containing substance originated, enabled through the different mechanisms
by which mass dependent fractionation occurred (Mook et al., 1974; Schirrmeister et al., 2011;
Mauritz et al., 2019).

Isotopes preferably distribute towards a lower energetic state in a chemical equilibrium. In case
of C isotopes, this occurs during inorganic C cycling i.e., precipitation of calcium carbonates
(Mook et al., 1974; Schuur et al., 2016). °C therefore preferentially accumulates towards
stronger, more stable chemical bonds or in a less entropic system (Schuur et al., 2016). As a
result, calcium carbonate contains more *3C than CO. in the atmosphere does, or a plant leaf,
for example. Simultaneously, kinetic fractionation is another process that causes C isotope
fractionation in non-equilibrium conditions (e.g., photosynthesis). During the reaction, the
lighter *2C isotopes react and diffuse faster and therefore are preferentially incorporated into
glucose. This fractionation occurs because plants (and other organisms) consume nutrients in
the most energy conserving manner possible, and therefore preferably split up weaker
molecule bonds between lighter isotopes and discriminate against the heavier isotopes
(Schuur et al., 2016).

By measuring and comparing d'3C values of different samples, it is therefore possible to
distinguish between the principal C sources from which the samples originated, for example
between a plant and calcium carbonate (ca. -28%o vs. 1.95%0 on the PDB scale, Schuur et al.,
2016). This method is, however, only meaningful as a reference towards constant ratios

calculated from stable isotopes.

Calculating Carbon Sources
The combination of the radiocarbon method with stable carbon isotope analysis can give useful
information about the principal C pools that are contributing to CO, and CHarelease. The #C

content of the respired CO, and CHs reflects the residence time of the C-bearing material in
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the ecosystem (Schuur and Trumbore, 2006). Here, we assume that most of the OM from the
active layer is relatively young in comparison to OM from the permafrost layer that has been
buried and frozen for up to thousands of years. The &'3C values of CO, and CHj, on the other

hand, give evidence about organic or inorganic origin.

By applying a mass balance calculation to the data retrieved from *C and *C analysis, it is
possible to determine the fraction of specific C pools that are contributing to GHG emissions
(Pries et al., 2016). The constraining of the contributing C pools, the endmembers for the mass
balance calculation, often relies on the analysis of additional material. This is done by *C and
13C analysis of the soil or sediment from which the CO, emission derived. The equations used
for the mass balance calculation are expressed in the following (Schuur and Trumbore, 2006;
Pries et al., 2016):

14Csource =21 * 14Cn) (5)
13Csource =21 * 13Cn) (6)
1=/ (7)

where f,, is the fraction of one C pool that is contributing to the isotopic composition of the
sampled gas. With this approach, it is possible to distinguish between old and young, as well
as organic and inorganic C sources, provided enough data are available to constrain the
individual C sources. While the calculation of the contribution of each individual C pool is easy
for a two-pool model (two unknowns and two equations), more complex models using three or
more sources, depend on software support, which solves the equations iteratively (Phillips and
Gregg, 2003).

14C Analysis at CologneAMS

The CO:; collection from remote permafrost areas and the transport of the gas samples back
to the laboratory for isotopic analysis without contamination or sample losses required the
development of a sturdy and easy to handle container. Molecular sieve cartridges (MSCs) were
built and improved that allow storage of CO- up to an equivalent of 2 mg C. Development and
validation of the sampling setup and the MSC is explained in detail in Wotte et al. (2017a,
2017b). Briefly summarized, type 13X zeolite, contained in a stainless-steel cartridge and
sealed by quick couplings, is used in a portable gas analyzer and respiration chamber setup
that allows storage of in-situ emitted CO,. The CO: collected in the respiration chamber is
pumped through the attached MSC and subsequently adsorbs onto the surface of the zeolite.
In the laboratory, the MSC is heated up to 500°C, releasing the adsorbed CO; into a gas phase,

which is consequently flushed in a gas stream into a vacuum purification setup, where the
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sample is quantified and sealed for AMS analysis, while the MSC can be reused once it has

been heated and flushed thoroughly.

Until recently, CO, samples prepared from MSCs for radiocarbon analysis with AMS, have
been converted into solid graphite targets containing 500 to 1000 ug C (Wotte et al., 2017b)
using an automatic graphitization equipment (AGE, Wacker et al., 2010). However, if there is
less C from a sample available, it is difficult to produce enough graphite for a meaningful
analysis (Rethemeyer et al., 2013). Nevertheless, the demand for refined measurement and
preparation technigues to perform compound-specific analysis has increased during the last
decades. As a result, systems such as the gas ion source were developed that allow
microscale AMS analysis of *C (Ruff et al., 2007; Santos et al., 2007; Fahrni et al., 2013).
Improvements in AMS measurement at CologneAMS allow the measurement of samples as
small as 20 ug C via the recently installed gas injection system (GIS) for the SO-110 B type
ion source coupled to the HVE 6 MV Tandetron accelerator (High Voltage Engineering Europa
B.V., The Netherlands, Dewald et al., 2013; Stolz et al., 2017, 2019). The installation of the
GIS (lonplus AG, Switzerland) enabled a faster handling and preparation of CO, samples
collected from arctic permafrost on an MSC. The down scaling of sample size from initially 500
to 1000 ug C to 20 pg C required further assessment of our setups to maintain a high level of
measurement quality (Santos et al., 2010; Welte et al., 2018). For sample sizes as low as 20
pg C it is important to minimize the introduction of exogenous C. During handling of the sample
material, as well as during the measurement, a sample is subjected to contamination that
needs be quantified as precisely as possible. The guantification of contamination allows the
correction of the measured “C values and the refinement of the workflow to prevent as much

contamination as possible in the future.
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Abstract

Increasing demands for small-scale 1*C analyses required the installation of a “SO-110 B” type
ion source (HVE Europa B.V.) at our 6 MV Tandetron AMS (HVE) dedicated for the direct
injection of CO using either the gas injection system (GIS) from lonplus AG or a EuroVector
EA 3000 elemental analyzer (EA). We tested both systems with multiple series of 1*C-free and
modern standards (2.5 — 50 ug C) combusted in quartz ampoules or EA containers and were
able to quantify exogenous C introduced. In EA-GIS-AMS analysis exogenous C is mainly
derived from the EA sample containers. Blank values for 50 pg C combusted in solvent-
cleaned Sn vessels were 0.0127 + 0.0012 F*“C (boats) and 0.0090 + 0.0010 F**C (capsules),
while they were much higher for thermally-cleaned Ag capsules. The processing of gas
samples for GIS-AMS yields similar blank values corresponding to 0.30 + 0.08 pg exogenous
C with 0.93 + 0.23 F*C consisting of 0.28 ug C modern and 0.02 ug C fossil C. The combustion
of larger amounts of blank material (1 mg C) in a single quartz tube split into aliquots, gives
lower blanks (0.0064 + 0.0008 F**C; 50 pg C). Thus, “C analysis of small, gaseous samples
is now possible at CologneAMS.

Introduction
The Centre of Accelerator Mass Spectrometry at the University of Cologne (CologneAMS)

recently installed a second ion source (SO-110 B; Stolz et al., 2017) from High Voltage
Engineering Europa B.V. (HVE, The Netherlands) at the HVE 6 MV Tandetron accelerator,
which is used for 1*C analysis of CO- gas. Until now, all samples were converted to elemental
carbon using the automated graphitization equipment AGE-2 (lonplus AG, Switzerland).
Samples smaller than 200 pg C, and older than about 25,000 yr BP were not measured so far,
because we were not able to produce reliable results (Rethemeyer et al. 2013). Increasing
demands for small-scale *C analysis of samples such as tiny macrofossils, organic molecules
isolated with chromatographic methods, and CO, samples required the establishment of AMS

gas ion source *C analysis at CologneAMS allowing the analysis of samples as small as 2.5

ug C.

The SO-110 B type ion source was first coupled with the gas injection system (GIS) from

lonplus AG, which introduces CO, provided in glass ampoules (GIS-AMS). Tests of this system
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with *C-free CO, from gas bottles yielded a constant contamination of about 0.002 ug C. Blank
values for samples >20 ug C correspond to 0.002 F*C (Stolz et al. 2019). Secondly, an
EA3000 elemental analyzer (EA; EuroVector, Italy) was coupled to the GIS (EA-GIS-AMS), in
order to reduce pre-treatment steps and the time-consuming gas purification required for
producing CO samples in glass ampoules for GIS-AMS and to make small-scale *C analysis
more efficient. Hence, samples only need to be packed into EA combustion vessels and are
consequently combusted into CO,. As soon as the system detects the CO; peak, the gas is
streamed into a zeolite trap with helium. After that, the trap is heated and the released CO: is
directly injected into the AMS using the GIS (Stolz et al. 2019). First tests of this coupled EA-
GIS-AMS setup offered very promising results using IAEA reference standards (Stolz et al.
2019).

In this study, we conducted extensive tests to gain detailed information about the
contamination introduced during the analysis of CO, samples using a) the GIS-AMS and b) the
EA-GIS-AMS system. The relative importance of exogenous C contribution and its variability
are increasing with decreasing sample size (e.g. Rethemeyer et al. 2013; Ruff et al. 2010Db).
Therefore, we determined the lower sample size and age limits of GIS-AMS by measuring
multiple series of standards ranging from 2.5 — 50 ug C. For EA-GIS-AMS analysis, we
additionally compared the contamination introduced during sample combustion using different

types of vessels made of tin and silver.

Methods

Pre-treatment methods for GIS-AMS analysis

For the evaluation of lower size limits and blank values of the GIS-AMS system, different size
series of a 1*C-free (Pocahontas, POC #3, Argonne Premium Coal) and of a modern standard
(Ox-II; NIST SRM 4990C; nominal value 1.3407 F*C) were prepared using sealed tube
combustion. Outmost care was taken not to introduce any contamination during the
preparation of the standards: The quartz glass ampoules (9 mm OD) for sample combustion
and borosilicate glass tubes (4 mm OD), in which purified CO, samples are collected, were
first visually checked for damages and then washed three times with Milli-Q water (Millipore,
USA) and three times with acetone (PESTINORM® SUPRA TRACE, grade 299.9%, VWR®
chemicals, Germany) to remove organic contaminants. The quartz ampoules, cupric oxide
(CuO rods, 0.65 x 3 mm, p.a., MERCK KGaA, Germany), and silver wires (MERCK KGaA,
Germany) were pre-combusted at 900°C for 4 h, while the borosilicate glass tubes were
combusted at 450°C for 4 h. Then the sample was filled into the cleaned quartz tubes using
tin boats for weighing and transferring together with the CuO (CuO:C ratio of about 60:1) and

5 mg silver wires (Santos and Xu 2017). Then, the ampoules were evacuated (P < 10* mbar),
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flame sealed, and heated in a muffle furnace to combust the standard material to CO, (900°C,
4 h). The gas was purification on a vacuum rig using a water trap (ethanol dry-ice slurry) and
the CO; was finally trapped in a borosilicate glass ampoule (4 mm OD) placed in liquid nitrogen

and was finally flame sealed (Wotte et al. 2017).

Pre-treatment methods for EA-GIS-AMS analysis

In order to determine blank values of different EA containers, we measured *C-free standards
(POC #3) in a size range of 3.5 — 50 pug C. We tested Sn boats (4 x 4 x 11 mm), Sn capsules
(3.5 x 9 mm) as well as Ag capsules (5 x 9 mm), all manufactured by Elementar (Germany).
Prior to sample combustion, the containers were washed three times with dichloromethane
(DCM; SupraSolv®, MERCK KGaA, Germany). The silver capsules were combusted at 450°C
(4 h) in addition to DCM washing. We omit cleaning in an ultrasonic bath using organic solvents

as handling experience showed that vessels become brittle.

System overview

To enable *C analysis of CO; at the HVE AMS system at CologneAMS, operation parameters
of the SO-110 B type ion source were first optimized with the objective to maximize a stable
C current output (maximum 12 + 1 YA, 6 + 2% C- yield) (Stolz et al. 2017). In addition, a new
gas-injection-control-software (GICS) controlling data acquisition and hardware was
developed that substitutes the software from lonplus AG (Stolz et al. 2019). The GIS sample
magazine was also modified to be able to process 16 instead of previously 8 ampoules in one

batch, which allows the extension of fully autonomous measurement periods.

Before starting an AMS measurement, all capillaries are flushed several times with He and a
new target is loaded prior to sample CO; transfer (Stolz et al. 2019). Using EA-GIS, the CO;
is transferred from the EA via a 13X zeolite trap into a syringe where it is mixed with He (mixing
ratio CO2:He 5%, Stolz et al. 2017). For GIS-AMS, CO, samples in glass ampoules are cracked
in the ampoule cracker of the GIS, mixed with He, and injected into the ion source via syringe
(flow rate 1.4 ug C mint, Stolz et al. 2017).

Quantification of contamination

The amount of exogenous C introduced during sample preparation and analysis can be
guantified using the model of constant contamination as given by Hanke et al. (2017). It is
based on the assumption that the total measured F**C (Fy) and its mass (my) are composed
of the values of the standard itself (Fsw, Msw) and of contributions from a constant exogenous
contamination (Fc, mc). As mc cannot be determined directly, it is commonly assumed that the
contamination is composed of two end-members, namely a *C-free (F**C = 0) and a modern
(F**C = 1) proportion (e.g. Santos et al. 2007, Lang et al. 2013, Gierga et al. 2014). The
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resulting F1“C. is therefore, depending on the contribution of each endmember between 0 and
1. In order to determine the respective proportions, size series of **C-free (POC #3) and
modern (Ox-Il) standards were prepared and measured. We only apply this model to POC#3
and Ox-1l series analyzed with the GIS-AMS, but not to EA-GIS-AMS data consisting of only
14C-free standard material. The amount of exogenous C (mc) was determined by fitting the two
independent parameters (Fy and my) using the Matlab script published by Haghipour et al.
(2019).
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Figure 1: F**C vs mass C [ug] measured by GIS-AMS: A) for “C-free (POC#3) and B) modern (Ox-Il) standard
material (red circles). Fitting results are displayed as blue lines with 1-0 uncertainty (dashed blue lines). The fit
assumes an error margin of 25%, outliers are displayed in black. C) shows the modelled solution space of x?
(indicated by colours) that depends on both contamination pools. The small circle indicates one possible solution
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for the fitting procedure as displayed by F*C. and mc. D) displays the series of aliquot produced from one large
sample, which has not been assessed using the x2 procedure, because only *C-free standards have been prepared
as aliquots.

Results and Discussion

GIS-AMS measurements

In order to identify and quantify contamination introduced during sample preparation for CO-
analysis with GIS-AMS, we prepared and measured four size series of *C-free (POC #3, Fig.
1A, D) and two series of modern standard material (Ox-1l, Fig. 1B). Three of these size series
of POC #3 (total n = 44) and two of the Ox-Il series (total n = 27) were prepared by weighing
defined amounts of standard material into individual quartz ampoules (Fig. 1A and B). For the
fourth *C-free series (n = 14), standard material equivalent to ~1 mg C was combusted in one
tube and split into aliquots (Fig. 1D) with sizes between 50 ug C and 2.5 ug C.

The C results of the modern standard (Ox-11) do not show a distinct size dependency but
rather scatter within 1-o uncertainty around the consensus value (Fig. 1B). Contamination
assessment using the Matlab script from Haghipour et al. (2019) for the Ox-ll standards
revealed a best fit when assuming minuscule amounts (0.02 ug C) of fossil exogenous C.
Based on the used mixing model, we assume that mostly modern contamination is introduced

during sample preparation (Fig. 1C).
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Figure 2: Combined data set of A) **C-free (POC#3) and B) modern (Ox-1l) standard size series prepared in quartz
ampoules for GIS-AMS analysis. Both sets have been corrected by the calculated contamination given in Fig.1C
and scatter around consensus values (solid black lines).

The *C results of the three blank series weighed directly into quartz ampoules are in a similar
range with an average of 0.0050 + 0.0004 F*C (n = 4) for 50 pg C and increase in **C
concentration at 20 pug C (0.0163 + 0.0015 F*C, n = 3, Fig. 1a), as smaller samples are

increasingly affected by the constant contamination than larger ones. In contrast, the series of
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aliquots prepared from one large sample gives much better blank values for smaller sample
sizes of 2.5 - 20 ug C between 0.0029 + 0.0007 F**C (20 ug C) and 0.0178 + 0.0079 F**C (3.5
Mg C; Fig. 1D), which indicates, that the contamination is mainly introduced during the pre-
treatment including the weighing and transfer of samples/standards into the quartz ampoules
and the subsequent combustion as also observed by Santos et al. (2010) and Santos and Xu
(2017). The constant contamination for the total data set (n = 44 POC #3 and n = 27 Ox-Il
standards) consists of 0.30 + 0.08 ug C (Fig. 1C). Based on our model, the corresponding
isotopic ratio is F*C. = 0.93 + 0.23 of which 0.28 pug C is modern and 0.02 pg C fossil

contamination.

Figure 2 shows the result of the total GIS-AMS data set (A: POC#3 blanks, n = 44; B: Ox-Il, n
= 27) that was corrected for the calculated contamination given in Fig. 1C. The data scatter

close to the respective consensus values after application of the correction for contamination.

The constant contamination derived from the GIS system only, which was determined by
directly injecting CO; from gas bottles into the AMS ion source, is 0.012 ug modern C (1 — 23
png C, Stolz et al. 2019). Thus, sample preparation and combustion introduces most, about
0.30 + 0.08 pg C, exogenous C.
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Figure 3: Overview of EA-GIS-AMS results for size series of blank material (POC#3) combusted in Sn boats (circle),
Sn capsules (triangle), and in Ag capsules (square).
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EA-GIS-AMS measurements

For 4C analysis using EA-GIS-AMS, samples were weighed into containers for combustion in
the EA. We investigated the contamination derived from different EA containers in three series
using *C-free material (POC #3) combusted in Sn boats (n = 7), Sn capsules (n = 7), and Ag
capsules (n = 6) (Fig. 3).

So far, only *C-free standards have been tested using the EA-GIS-AMS method due to a
pending replacement of the EA and new installation of an isotope ratio mass spectrometer
(IRMS). In order to quantify the amount of exogenous C using the contamination mixing model
for this approach, we use a similar F**C. of 0.93 like for GIS-AMS. This assumption is made to
make results qualitatively comparable to other EA-GIS-AMS studies. We use this as a
conservative estimation, because GIS-AMS sample handling involves more handling steps
compared to EA-GIS-AMS, including the weighing of samples in Sn boats, the transfer of
sample material from Sn boat into quartz ampoules as well as the handling and re-sealing on
the vacuum line into a glass ampoule. More detailed investigations are planned once the new

systems are operating.

In addition, we tested different EA sample containers including Sn boats and capsules cleaned
with DCM, which removes contamination more efficient than Acetone or MQ-water (Welte et
al. 2018, Ruff et al. 2010a), and Ag capsules cleaned by heating at 450°C. To directly compare
the results for the Sn boats and Sn capsules, we calculated the amount of exogenous C for
each series using the parameters obtained from the combined ampoule data set (F**C. = 0.93
+ 0.23) (Tab.1). Blank values for Sn boats are 0.0127 + 0.0012 F*C for 50 ug C and up to
0.0877 + 0.0172 F*C for 3.5 ug C (m. = 0.36 + 0.09 ug C). Sn capsules have slightly better
blank values of 0.0090 + 0.0010 F**C (50 pug C) and 0.0593 + 0.0093 F*“C (3.5 ug C; m¢=0.37
+ 0.09 ug C). Sn boats and capsules thus introduce similar amounts of contaminations. Our
results determined with blank material combusted in Sn containers are in a similar range to
results of other studies, which, however combusted empty Sn containers including Welte et al.
(2018; m: = 0.58 + 0.04 ug C for DCM-washed Sn boats and m¢ = 0.30 + 0.03 ug C for DCM-
washed Sn capsules) and Haghipour et al. (2019; m. = 0.28 + 0.08 ug C, F**C 0.6 + 0.2).

We have so far not tested heat treatment (550°C) of DCM-washed Sn vessels, which can
further reduce contamination levels (Welte et al. 2018). The size series combusted in Ag
capsules gave C concentrations, which are about one order of magnitude higher, between
0.1921 + 0.0293 — 0.5492 + 0.0322 F*C, than for the Sn containers and the data show no size
dependency but scatter strongly (Fig. 3). This result indicates a much higher and more variable

contamination originating from the Ag capsules, which was likely introduced to the activated
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surface of the capsule after heating, as suggested by Welte et al. (2018) and Haghipour et al.
(2019).

Based on the results of our tests, we now chose for our laboratory routine Sn boats cleaned
three-times with DCM. However, we plan to perform further tests with Ag capsules combusted
at higher temperatures (800°C) as suggested by Fewlass et al. (2018) and Al containers that
can be combusted at temperatures of up to 550°C, which may be an alternative to the usage
of solvent-cleaned Sn suggested also by Welte et al. (2018).

Table 1: Summary of blank assessment for 50 pug and 3.5 pg C large samples measured with GIS-AMS and EA-
GIS-AMS analysis. The quantification is based on “C-free standard material (POC#3) combusted in quartz
ampoules (GIS) or in EA Sn containers using the Matlab script by Haghipour et al. (2019). We assume a similar
F14C for GIS-AMS as determined for EA-GIS-AMS.

GIS-AMS EA-GIS-AMS
Combined Series Aliquots Sn boats Sn capsules
FHC (50 ug C) 0.0050 + 0.0004*1 0.0064 + 0.0008 | 0.0127 +0.0012 0.0090 + 0.0010
FC (3.51g ©) 0.0163 + 0.0015*? 0.0178 £ 0.0079 | 0.0877 £0.0172  0.0593 + 0.0093
mc [ug] + (F*C.) 0.30 +0.08 0.36 + 0.09 0.37 £ 0.09
(0.93 £ 0.23) (0.93 £ 0.23)*3 (0.93 £ 0.23)*3

*1(n = 4); *2(n = 3), **based on GIS-AMS data evaluation

Conclusion
In this study, we investigated the contamination introduced during sample preparation for gas

ion source #C analysis using our HVE 6 MV Tandetron accelerator coupled with the lonplus
AG GIS and an EuroVector EA3000. We prepared various size series of standards ranging
from 2.5 — 50 pg C in glass ampoules for *C analysis using GIS-AMS and in different EA
combustion containers for EA-GIS-AMS in order to quantify exogenous C contributions
introduced applying the model of constant contamination. The constant contamination
introduced during sample preparation for GIS-AMS analysis is 0.30 + 0.08 ug C (F**C. = 0.93
+0.23; 0.28 ug modern C, 0.02 pg fossil C). Blank values increase from 0.0050 + 0.0004 F**C
for 50 pug C to 0.0163 + 0.0015 F*C for 20 pug C.

For EA-GIS-AMS analysis, the samples need to be weighed into EA combustion vessels, which

introduce different amounts of contamination depending on the material and type of the vessel
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itself and on the cleaning procedure. Lower blank values were obtained for *C-free material
combusted in DCM-cleaned Sn boats (0.0127 + 0.0012 F**C for 50 pug C and up to 0.0877 *
0.0172 F*C for 3.5 pug C; me = 0.36 + 0.09 pug C) compared to DCM-cleaned Sn capsules
(0.0090 + 0.0010 F*C for 50 pg C and 0.0593 + 0.0093 F“C for 3.5 ug C; me=0.37 + 0.09 ug
C). DCM-cleaned and heated Ag capsules produced the highest blank values indicating that
either combustion at 450°C is not removing contamination sufficiently or that the containers
surface is activated by heating and adsorbs contamination. FC results of EA-GIS-AMS data
are in similar ranges compared to our GIS-AMS results, except for the Ag capsule series, which
have a higher and variable *C content (0.1921 + 0.0293 — 0.5492 + 0.0322 FC).

With our study we demonstrate, that small-scale *C analysis of gaseous samples using the
HVE SO-110 B ion source and a modified GIS from lonplus AG is now operational at
CologneAMS. The amounts of exogenous C introduced during sample processing can be
accounted for using adequate correction methods. As the sample preparation for EA-GIS-AMS
is more time efficient and less expensive, we are planning further tests with a new set-up
including an IRMS system. However, GIS-AMS analysis still remains the technique of choice

for the 1C analysis of small gas samples, e.g. from incubation studies.
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Supplementary Table S2: AMS results of all presented samples with their respective errors and masses.

GIS-AMS size series

POC#3

AMS ID
COL1000.0.0.31
COL1000.0.0.33
COL1000.0.0.36
COL1000.0.0.37
COL1000.0.0.38
COL1000.0.0.39
COL1000.0.0.40
COL1000.0.0.41
COL1000.0.0.44
COL1000.0.0.45
COL1000.0.0.46
COL1000.0.0.48
COL1000.0.0.49
COL1000.0.0.51
COL1000.0.0.52
COL1000.0.0.53
COL1000.0.0.56
COL1000.0.0.57
COL1000.0.0.58
COL1000.0.0.59
COL1000.0.0.60
COL1000.0.0.61
COL1000.0.0.64
COL1000.0.0.65
COL1000.0.0.67
COL1000.0.0.70
COL1000.0.0.71
COL1000.0.0.72
COL1000.0.0.73
COL1000.0.0.74
COL1000.0.0.75
COL1000.0.0.76
COL1000.0.0.77
COL 1000.0.0.99
COL 1000.0.0.100
COL 1000.0.0.101
COL 1000.0.0.102
COL 1000.0.0.103
COL 1000.0.0.104
COL 1000.0.0.105
COL 1000.0.0.106
COL 1000.0.0.107
COL 1000.0.0.108

Standard type
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3
POC#3

FYCn
0.0196
0.0073
0.0778
0.0053
0.0075
0.0510
0.0188
0.0179
0.0207
0.0070
0.0219
0.0659
0.0101
0.0241
0.0433
0.0048
0.0411
0.0762
0.0081
0.0084
0.0041
0.0238
0.0542
0.0072
0.0279
0.0106
0.0088
0.0130
0.0332
0.0537
0.0347
0.0276
0.0089
0.0119
0.0269
0.0428
0.0316
0.0159
0.0357
0.0272
0.0386
0.0203
0.0041

I+

0.0023
0.0006
0.0246
0.0005
0.0010
0.0071
0.0034
0.0020
0.0016
0.0004
0.0025
0.0054
0.0008
0.0027
0.0055
0.0004
0.0070
0.0091
0.0010
0.0008
0.0004
0.0035
0.0026
0.0021
0.0021
0.0009
0.0013
0.0013
0.0068
0.0240
0.0057
0.0013
0.0008
0.0024
0.0078
0.0111
0.0079
0.0040
0.0103
0.0192
0.0103
0.0064
0.0003

Mm [ug C]
12.10
35.59
3.55
40.57
22.54
5.80
9.66
14.36
17.32
50.07
10.48
7.64
33.34
13.64
7.89
48.88
5.46
5.88
21.59
32.27
49.71
7.28
21.24
8.98
18.15
26.81
16.61
18.03
5.20
4.24
8.71
32.03
26.46
9.80
5.00
4.50
5.00
6.60
4.70
4.00
4.60
5.60
51.70
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Ox-II AMS ID Standard type FCn + mm [1g C]
C0L1002.0.0.19 Ox-ll 1.3008 0.0216 18.15
COL1002.0.0.20 Ox-ll 1.3389 0.0228 22.42
C0L1002.0.0.21 Ox-ll 1.3799 0.0396 7.04
COL1002.0.0.22 Ox-ll 1.2149 0.1386 2.79
C0L1002.0.0.23 Ox-ll 1.2643 0.0383 7.44
COL1002.0.0.24 Ox-ll 1.3428 0.0226 23.61
COL1002.0.0.25 Ox-ll 1.3152 0.0627 5.62
COL1002.0.0.26 Ox-ll 1.3409 0.0260 15.78
C0L1002.0.0.27 Ox-ll 1.3500 0.0336 8.80
COL1002.0.0.31 Ox-ll 1.3596 0.0068 48.64
COL1002.0.0.34 Ox-ll 1.3697 0.0370 5.27
COL1002.0.0.35 Ox-ll 1.3341 0.0113 22.78
COL1002.0.0.36 Ox-ll 1.3597 0.0174 13.52
COL1002.0.0.37 Ox-ll 1.3317 0.0092 26.69
C0L1002.0.0.38 Ox-ll 1.3472 0.0108 24.32
COL1002.0.0.39 Ox-ll 1.3526 0.0166 11.98
COL1002.0.0.40 Ox-ll 1.3344 0.0105 32.39
COL1002.0.0.41 Ox-ll 1.3487 0.0112 26.46
C0L1002.0.0.43 Ox-ll 1.3337 0.0287 5.84
COL1002.0.0.44 Ox-ll 1.3437 0.0094 52.91
COL 1002.0.0.60 Ox-ll 1.3085 0.0735 3.00
COL 1002.0.0.61 Ox-ll 1.3640 0.1465 1.90
COL 1002.0.0.63 Ox-ll 1.1158 0.1887 2.10
COL 1002.0.0.64 Ox-ll 1.6154 0.1478 1.20
COL 1002.0.0.66 Ox-ll 0.8890 0.6287 1.70
COL 1002.0.0.67 Ox-ll 1.3659 0.2680 2.50

Aliquots from 1 mg
POCH#3 AMS ID Standard type F*Cm £ mm [ug C]
COL1000.0.0.79a POC#3 0.0055 0.0006 25.86
COL1000.0.0.79b POC#3 0.0038 0.0007 21.47
COL1000.0.0.79¢ POC#3 0.0029 0.0007 19.10
C0L1000.0.0.79d POC#3 0.0113 0.0040 7.06
COL1000.0.0.79%¢ POC#3 0.0019 0.0000 9.16
C0L1000.0.0.79f POC#3 0.0150 0.0061 6.18
COL1000.0.0.79g POC#3 0.0133 0.0077 5.59
CO0L1000.0.0.78a POC#3 0.0064 0.0008 46.98
COL1000.0.0.78b POC#3 0.0026 0.0003 20.17
COL1000.0.0.78¢ POC#3 0.0024 0.0006 21.83
COL1000.0.0.78d POC#3 0.0027 0.0006 11.86
COL1000.0.0.78e POC#3 0.0109 0.0018 5.34
COL1000.0.0.78f POC#3 0.0178 0.0079 3.74
COL1000.0.0.78g POCH#3 0.0855 0.0349 2.82
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EA-GIS-AMS

Sn boats AMS ID Standard type FCn + Mm [1g C]

(POCH#3)
C0L1000.0.0.0.1 POC#3 0.0877 0.0172 3.52
C0L1000.0.0.0.2 POC#3 0.0398 0.0054 6.16
C0L1000.0.0.0.3 POC#3 0.0355 0.0034 8.80
C0L1000.0.0.0.4 POCH#3 0.0153 0.0020 21.12
C0L1000.0.0.0.5 POC#3 0.0173 0.0018 26.40
C0L1000.0.0.0.6 POCH#3 0.0116 0.0012 32.56
C0L1000.0.0.0.7 POC#3 0.0127 0.0012 52.80

Sn capsules AMS ID Standard type F¥“Cp, + Mm [ug C]

(POCH#3)
COL1000.0.0.0.8 POCH#3 0.0593 0.0093 3.52
CO0L1000.0.0.0.9 POC#3 0.0684 0.0190 5.28
C0L1000.0.0.0.10 POCH#3 0.0535 0.0060 9.68
C0L1000.0.0.0.11 POC#3 0.0200 0.0020 21.12
C0L1000.0.0.0.12 POCH#3 0.0337 0.0051 27.28
C0L1000.0.0.0.13 POC#3 0.0163 0.0017 31.68
C0L1000.0.0.0.14 POCH#3 0.0090 0.0010 52.80

Ag capsules AMS ID Standard type F¥“Cp, + Mm [ug C]

(POC#3)
COL1000.0.0.0.15 POCH#3 0.5492 0.0322 3.52
CO0L1000.0.0.0.16 POCH#3 0.1921 0.0293 5.28
COL1000.0.0.0.17 POC#3 0.2924 0.0142 10.56
C0L1000.0.0.0.18 POCH#3 0.2707 0.0156 20.24
COL1000.0.0.0.19 POC#3 0.3093 0.0107 26.40
COL1000.0.0.0.20 POCH#3 0.3394 0.0234 31.68
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Abstract

The release of greenhouse gases from the large organic carbon stock in permafrost deposits
in the circumarctic regions may accelerate global warming upon thaw. The extent of this
positive climate feedback is thought to be largely controlled by the microbial degradability of
the organic matter preserved in these sediments. In addition, weathering and oxidation
processes may release inorganic carbon preserved in permafrost sediments as CO», which is
generally not accounted for. We used *C and *C analysis and isotopic mass balances to
differentiate and quantify organic and inorganic carbon released as CO: in the field from an
active retrogressive thaw slump of Pleistocene-age Yedoma and during a 1.5-year incubation
experiment. The results reveal that the dominant source of the CO: released from freshly
thawed Yedoma exposed as thaw mound is Pleistocene-age organic matter (48 - 80%) and to
a lesser extent modern organic substrate (3 - 34%). A significant portion of the CO, originated
from inorganic carbon in the Yedoma (17 - 26%). The mixing of young, active layer material
with Yedoma at a site on the slump floor led to the preferential mineralization of this young
organic carbon source. Admixtures of younger organic substrates in the Yedoma thaw mound
were small and thus rapidly consumed as shown by lower contributions to the CO, produced
during few weeks of aerobic incubation at 4°C corresponding to approximately one thaw
season. Future CO; fluxes from the freshly thawed Yedoma will contain higher proportions of
ancient inorganic (22%) and organic carbon (61 - 78%) as suggested by the results at the end,
after 1.5 years of incubation. The increasing contribution of inorganic carbon during the

incubation is favored by the accumulation of organic acids from microbial organic matter
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degradation resulting in lower pH values and, in consequence, in inorganic carbon dissolution.
Because part of the inorganic carbon pool is assumed to be of pedogenic origin, these
emissions would ultimately not alter carbon budgets. The results of this study highlight the
preferential degradation of younger organic substrates in freshly thawed Yedoma, if available,

and a substantial release of CO> from inorganic sources.

Introduction
Permafrost deposits in the northern circumpolar regions contain about 1,300 to 1,600 Gt of

organic carbon (OC) that accumulated over thousands of years and was stored at sub-zero
temperatures (Schuur et al., 2015). More than one quarter, about 327 to 466 Gt OC, is stored
in the loess-like Yedoma sediments that were deposited during the late Pleistocene and early
Holocene in unglaciated areas of the Arctic region (Schirrmeister, 2011; Strauss et al., 2017).
These up to 50 m thick sediments include massive syngenetic ice wedges (Schirrmeister,
2011) resulting in very high ground ice contents of up to 80 vol.% (Strauss et al., 2017), thus
making Yedoma deposits especially vulnerable to rapid thaw in a warming world. The melting
of the ground ice due to rising ground temperatures (Biskaborn et al., 2019) causes surface
subsidence and thereby may expose the sedimentary OC abruptly to microbial degradation
(Czudek and Demek, 1970; Grosse et al., 2011; Strauss et al., 2017; Nitzbon et al., 2020;
Turetsky et al., 2020). In consequence, the previously freeze-locked organic matter (OM) is
decomposed and released to the atmosphere as carbon dioxide (CO2), methane (CH.), and

other greenhouse gasses (GHGSs) causing a positive climate feedback (Schuur et al., 2015).

The extent of the permafrost-carbon feedback is still under debate because it not only depends
on OC quantity but also on OM quality, i.e., microbial degradability, which is still uncertain due
to the limited analytical data. Most studies assessing OM gquality and degradability, respectively
rely on incubation experiments at different temperatures (Schadel et al., 2014, 2016). The
results of these laboratory studies may not necessarily apply to natural, more complex
conditions. Additionally, chemical characterizations of the OM have been used to differentiate
potentially labile and more recalcitrant OC pools based on OC/N ratios (e.g., Schadel et al.,
2014; Kuhry et al., 2020) and characteristic organic compounds used as indicators for OM
bioavailability and stage of degradation, respectively (e.g., Routh et al., 2014; Strauss et al.,
2015; Stapel et al., 2016; Tanski et al., 2017; Jongejans et al., 2021).

Yedoma deposits were assumed to contain OM that accumulated and was freeze-locked
quickly and thus has not undergone intense decomposition processes. Less transformed OM
is supposed to be more reactive and thus more easily degradable upon thaw, which was
reflected by high CO, fluxes measured in some incubation studies (Dutta et al., 2006; Zimov

et al., 2006; Knoblauch et al., 2013) and the presence of easily biodegradable substrates

41



Manuscript Il: Sources of COz in freshly thawed Yedoma

(Stapel et al., 2016; Jongejans et al., 2018). In contrast, other studies measured a higher
degree of OM decomposition (Kuhry et al., 2020), which, however, did not result in lower
respiration rates during some incubation studies (Weiss et al., 2016). The contrasting results
may be attributed to the large spatial and temporal variability of OC contents and OM
composition in Yedoma deposited under different environmental and climatic conditions
(Strauss et al., 2015; Weiss et al., 2016; Stapel et al., 2018; Walz et al., 2018; Windirsch et al.,
2020). In addition, thermokarst may alter the degradability of the ancient Yedoma OM by
introducing younger material from overlying sediments and changing thermal and hydrological
conditions (Grosse et al., 2011; Strauss et al., 2015; Wild et al., 2016). The mixing of sediments
is particularly pronounced on retrogressive thaw slumps, a dynamic form of thermokarst in ice-
rich areas, expanding inland by melting of the ground ice in the headwall (Lantuit and Pollard,
2008; Costard et al., 2021).

The release of GHGs deriving from the mineralization of modern and ancient OM can be
differentiated by #C analyses, which has been applied in several field and incubation studies
in high latitude regions (e.g., Schuur and Trumbore, 2006; Czimczik and Welker, 2010; Estop-
Aragonés et al., 2018). In addition, organic and inorganic carbon sources can be identified and
guantified by their §'3C signature and by applying a dual isotopic mass balance calculation
(Dorsett et al., 2011; Griffith et al., 2012; Pries et al., 2016). The contribution of inorganic
carbon (IC) to CO: fluxes that may be released by abiotic processes (e.g., Biasi et al., 2008;
Tamir et al., 2011; Ramnarine et al., 2012) has been neglected in most previous studies, which
may thus have overestimated GHG fluxes from the mineralization of OC. Yedoma deposits
contain substantial amounts of carbonates of about 0.2 to 18% in the north-east Siberian
coastal lowlands (Schirrmeister, 2011) that may be released by dissolution processes (Zolkos
et al., 2018, 2020).

The aim of this study is to quantify and differentiate between ancient and modern OC as well
as IC contributions to the CO. emissions released from a retrogressive thaw slump in a
Yedoma deposit in north-east Siberia by using a dual carbon isotopic approach. We selected
two study sites on the thaw slump where freshly thawed Yedoma is a) exposed as thaw
mounds and b) mixed with substrates from the overlaying Holocene terrace. To differentiate
between Pleistocene and Holocene substrates, a third site on the Holocene terrace was
sampled additionally. Beside field measurements, we incubated the sediments for 1.5 years
and analyzed the isotopic compositions of the CO, after a few weeks and at the end of the
long-term incubation. In addition, we analyzed the composition of the OM in the thaw layer at

all sites to elucidate their potential effects on CO, production rates.
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Study Site

The retrogressive thaw slump is located on the island of Kurungnakh, which lies beside the
Olenyeksky Channel, in the southern part of the Lena River Delta in north-eastern Siberia (Tab.
1). Kurungnakh Island is mainly composed of late Quaternary sediments, so-called Yedoma
or Ice Complex (Schirrmeister, 2011), which are up to 40 m thick and contain large ice wedges
resulting in ground-ice contents of up to 80 vol.% (Wetterich et al., 2008a; Schirrmeister, 2011).
The Pleistocene-age Yedoma deposit is overlain by Holocene polygonal tundra (Grigoriev,
1993; Schwamborn et al., 2002). The surface layer of the Yedoma deposits thaws for about
four months per year during summer (Boike et al., 2008) and may reach a depth of about 80
cm (Tab. 1). Recorded data for the years 1998 - 2011 document an annual mean air
temperature of -12.5°C (measured on the nearby Samoylov Island), with maximum mean air
temperatures of 10.1°C in July and 8.5°C in August (Boike et al., 2013). The mean annual
precipitation (rainfall and snow water equivalent) is about 190 mm (Boike et al., 2013).

For this study, three different sites were selected on the retrogressive thaw slump about 15 -
35 m above river level including the overlying Holocene terrace (HT1), an intact thaw mound
of Pleistocene Yedoma (TM2), and a site on the slump floor (SF3) where both types of

sediments were mixed during erosion (Fig.1)

NE SW

Figure 1: Study sites on the retrogressive thaw slump on Kurungnakh Island including two thaw mounds (TM) in
Pleistocene Yedoma, a site on the slump floor (SF) where sediments were mixed, and the Holocene terrace (HT).
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Table 3: Sampling locations on Kurugnakh Island and thaw depth (measured in August 2017).

Site North [°dec] East [°dec] Thaw depth [cm]
SF3 Thaw slump floor 72.33900 126.29207 78
T™M2 Thaw mound 72.33920 126.29199 70
HT1 Holocene terrace 72.33914 126.28945 21

Methods

Sediment sampling

Samples were collected from the active layer of the soil in the Holocene terrace and the
Yedoma sediment in August 2017. At each site, one soil pit of about 1 x 1 m was dug down to
the to the frozen ground and four replicates were sampled from the pit wall using a hand shovel.
Samples were collected in 10 cm intervals for bulk elemental analysis. The incubation
experiment was conducted with replicates of up to four depth intervals per site. Therefore,
some of the sampled depth intervals were combined and homogenized. All samples were

stored in sealed plastic bags and kept frozen at -20°C until analysis.

Gas sampling

Carbon dioxide was collected from three location in about 0.5 - 1 m distance at each study site
according to Wotte et al. (2017) using PVC collars that were placed on the sediment. At SF3
and TM2, sprouts were carefully removed from the mostly barren soil surface to prevent the
contribution of autotrophic (plant) respiration. At HT1, aboveground vegetation was clipped
with a knife and the uppermost 8 cm of the sediment were carefully removed from the ground

to minimize contributions from autotrophic respiration.

The plastic collars (polyvinylchloride, 25 cm OD, 25 cm height) were placed 10 cm in the
ground and left for 12 hours prior to measurement. On the day of the measurement, an opaque
chamber was placed on top of the collars and connected to an infrared gas analyzer (LI-840A,
LI-COR Biosciences, Lincoln, USA). After closure of the chamber, the air was pumped in a
closed loop for 5 min for CO; flux measurement. Moisture was removed using two traps filled
with phosphorous pentoxide (Sicapent®, MERCK, Germany). Afterwards, atmospheric CO»
was removed by pumping three chamber volumes through a soda lime trap (MERCK,
Germany). Then, CO, emitted from the ground was trapped on a molecular sieve cartridge
(MSC) filled with zeolite type 13X. The sampling time was about 30 minutes per site depending
on CO; fluxes and volume of the emission chamber aiming to collect 2 mg of CO, on each
MSC.
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CO; fluxes were calculated from the recorded increase in CO; concentration inside the
chamber during the first five minutes after closure. The first 30 seconds were discarded due to
possible disturbances by closing the chamber. From the remaining data, the two-minute

interval with the highest Pearson correlation coefficient (>0.9) was chosen for flux calculation.

Incubations

An aerobic long-term incubation experiment was conducted over a course of 1.5 years
according to Knoblauch et al. (2013). Briefly, splits of the frozen sediment samples were
thawed at 2°C and kept at 4°C for the duration of the incubation. The water content of each
sample was determined prior to the start of the incubation. About 20 g of homogenized
sediment was placed in 120 ml glass bottles, which were sealed by rubber stoppers and kept
closed during the experiment to maintain constant moisture. The headspace of the bottles was
flushed repeatedly with synthetic air prior to the start of the experiment to remove ambient CO.
from each bottle. The CO, concentrations were recorded every week for the first 200 days and
about every other month thereafter. If CO, concentrations exceeded 3%, the headspace was
flushed repeatedly with synthetic air (20% O, 80% N,). CO, samples were taken for isotope
analysis at two times during the incubation: first, between 41 and 189 days after the samples
had been flushed and again reached concentrations of about 3% CO,. The second gas
sampling was performed at the end of the experiment on day 537, regardless of the CO;

concentration inside the bottles.

Sediment analysis

Bulk sediment analysis was performed on freeze-dried samples that were ground and thereby
homogenized using a porcelain mortar. Total carbon (C), total OC and total nitrogen (N)
contents were quantified using an elemental analyzer (vario MICRO, Elementar, Germany).
For OC analysis, aliquots of the sediment were decalcified by treatment with 40 ml of 1%
hydrochloric acid (HCI) for 1 hour at 60°C following 12 hours at room temperature as described
in Rethemeyer et al. (2019). After the acid treatment, the samples were washed to neutral pH
by adding Mili-Q water and dried at 60°C. pH values were measured after DIN 1SO
10390:2005-12 in a suspension of 5 g dry mineral soil and 25 ml Milli-Q water after shaking (1
hour) and settling (1 hour) using a pH meter (FE20, Mettler-Toledo, Ohio, USA).

Radiocarbon analysis

14C analysis of the bulk OC was performed by combustion and graphitization of the CO, as
described in Rethemeyer et al. (2019). In short, an aliquot of the decalcified sediment was
weighed into solvent-cleaned tin boats (4 x 4 x 11 mm, Elementar, Germany) for subsequent
combustion in an elemental analyzer (VarioMicroCube, Elementar, Germany). The CO»

produced was converted to elemental carbon (‘graphite’) in an automated graphitization
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system (AGE; Wacker et al., 2010) using hydrogen and iron powder as catalyst. The *C
content of the IC was measured by hydrolyzing the sediment, with phosphoric acid (99%) for
6 hours at 75°C. This was done without prior removal of OC from the sediment. Although
experiences with this method were positive, we cannot exclude that small amounts of OC were
dissolved along the IC and contributed to the *C analysis. The CO; evolved was then
transferred into the AGE system with He and converted to graphite. The graphite was pressed
into AMS target holders, which were analyzed with the 6 MV accelerator mass spectrometer
(AMS) at CologneAMS (Dewald et al., 2013).

The CO, trapped on the MSCs was processed on a vacuum rig as described in Wotte et al.
(2017). The MSC was heated to 500°C to release the CO, from the zeolite and flushed with
He (grade 4.6) via a water trap immersed in dry ice-ethanol mixture (-80°C) to a CO, trap
placed in liquid nitrogen. The amount of CO, was quantified in a calibrated volume with a

pressure sensor and the glass tube containing the CO, was flame sealed.

The CO- from the aerobic incubation experiment was recovered from the glass bottles using
sterile hypodermic needles. Similar to the MSC desorption procedure, the incubation-derived
CO; was purified, quantified and flame sealed on the vacuum rig. 1*C analysis of the CO, was
performed using the gas ion source of the AMS at the University of Cologne and the gas
injection system described in (Stolz et al., 2017). *C results are reported in F**C (Reimer et
al., 2013) and as uncalibrated years before present (BP; Stuiver and Polach, 1977).

Stable carbon isotope analysis

Stable carbon isotopes of OC were measured in sediment samples, which were decalcified
with phosphoric acid, using an elemental analyzer (Flash 2000, Thermo Scientific, Germany)
coupled to a Delta V (Thermo Scientific, Germany) isotope ratio mass spectrometer (IRMS)
(Knoblauch et al., 2013). For !3C analysis of IC, ground sediment aliquots were weighed into
50 ml glass bottles and closed with a rubber stopper. Ambient air was removed from the bottles
using He and phosphoric acid (5%) was added to convert the IC into CO,. Carbon dioxide
stable isotope analyses from IC, the incubation experiments and field samples were conducted
by injecting gas samples into a Trace GC 1310 gas chromatograph connected to a DeltaVPlus
IRMS (Thermo Scientific, Germany) (two replicates per sample). The range of replicate
measurements was equal to or less than + 0.3%.. The results of the stable carbon isotope
measurements were calibrated with external standards and are reported in permille relative to
the Vienna Pee Dee Belemnite (%0 VPDB).
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Statistics and calculations

CO; production rates were compared with the elemental and isotopic compositions and the pH
of the sediments using the ANOVA add-in from Microsoft Excel. For better comparison, the
CO; production rate after 175 days of the incubation and at the end of the experiment, after
537 days, were used. Additionally, the CO; production rates were normalized for the amount
of C available in the sample to eliminate bias by different C quantities. Furthermore, Pearson
correlation coefficients were calculated to evaluate possible correlations between the data
sets. Variances of data were compared using a F-test. Mean values of data sets were then
compared using a t-test assuming either same or different variances, based on the F-test run

previously.

The CO. samples taken from respiration chambers might contain contributions from
atmospheric CO; leaking into the system through small cracks in the soil next to the chamber.
To account for this effect, 1*C (F*Cs) and 3*C (3'°Cs) contents of the CO, samples were
corrected for the fraction of atmospheric CO; (fam) contributing to the total CO, and reported
as F*C.. The d'3C value of the CO; released in the incubation experiment (3'3Cixc) is free of
atmospheric contamination that may be introduced in the field. It thus was used to correct the
d'3Cvalues of the CO, sampled in the field (8*3C). In addition, the *C (F*Cam) and *3C
contents (3*3Cam) of an atmospheric air sample taken from HT1 were used to calculate the
fraction of atmospheric CO: (fam) in the CO, samples and correct their *C content (F**Cc)

according to equations (1) and (2).

14 14
F14C = (F~*Cs—fatm*F " Carm) !
4 (1—=fatm) ( )
. _ (613Cs—613Cinc)
with fatm T (613Caem—613Cinc) (2)

A mass balance approach was used to determine fractions of ancient (fOCa), and young
organic carbon (fOCy) as well as of inorganic carbon (fIC) in the CO; flux using the F*“C and
O'3C values of the potential sources (Tab. 2) and of the CO; released in the field and during

the incubation experiment (Tab. S2, Fig. 5) according to equation 3 and 4:

8%3Ceoz2 = fic * 63 Cic + foca * 63 Coca + focy * 6 Cocy (3
and
F*Ccoz = fic * F**Cic + foca * F*Coca + focy * F**Cocy 4)
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OCco2 and F*Cco2 are the mean isotopic ratios of the CO- released from the thaw layer at
each site. In the incubations, the mean isotopic values were weighted by the CO, production

of each depth intervals per site.

Average isotopic values of IC and OC in the whole thaw layer (F**Cicioc, 8**Cicioc), were
calculated by weighing the respective values from the different depth intervals with their IC or
OC content (IC/OC)), respectively, and considering the bulk density (pi) and thickness of the

depth interval (h;)) according to equation 5 and 6.

Flac _yn plic IC{(?oCiXpiXhi 5
Ic/oc — Zi:l i X n 1C/0C; ( )
4 LxpiXh
=1 100 L L
1C/0C;
13~ Xpixh;
13 —_ \n 13 100
6 CIC/OC - Zi=15 Ci X( n 1C/0C; ) (6)
Y100 XPixhy

For each site, different endmembers were used for defining young (3**Cocy and F**Cocy) and
ancient OC (8'3Coca and F*Coca) in the mass balance approach because the sediments are
composed of different materials and the sites are situated at different heights above mean river
level (a.m.r.l.) on the thaw slump (Tab. 2, S1). The thaw mound (TM2) in the Pleistocene
Yedoma is located at 30 m a.m.r.l., which is 8 m below the Holocene terrace (HT1). We defined
the ancient OC and IC endmembers of TM2 as the average 5*3C and F'“C content of the thaw
layer weighted by its OC or IC content and bulk density. Contributions of young OC were
assumed to derive mainly from the thaw layer at HT 1, which had a close to modern *C content
(0.984 F*C). At the slump floor (SF3), different sediments have been mixed due to erosional
processes. As for TM2, we assumed that young OC was delivered mainly from the eroded
thaw layer at HT1. SF3 is located at 29 m a.m.r.l., which is lower than TM2. Thus, we chose a
nearby thaw mound (TM1) that is on the same height as SF3 as ancient endmember and
calculated the average 8C and F*C for the thaw layer as for TM2. Because the IC content
of the TM1 sediment was very low, only two depth intervals could be analyzed for *C in IC and
results were averaged. At HT1, IC was below the detection limit. We therefore used a two-pool
mixing model considering only ancient and young OC sources contributing to respired CO,.
The F*C and 3%C values of atmospheric CO, measured at this site (Tab. S2) were used as
young OC endmembers assuming that fresh plant OM contains the same isotopic ratios. The

ancient OC endmember was defined by the lowest depth interval in the thaw layer at HT1.

Because of the differences in sediment ages at the three sites, the term "ancient’ refers to OC
and IC older than 4,000 years BP at SF3 and HT1 and Pleistocene-aged at TM1, respectively.
The term 'young' denotes OC younger than 4,000 years BP at TM1 and SF3, while it is near

modern atmospheric **C concentrations at HT1 (Tab. 2).
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To find feasible solutions for fIC, fOCa and fOCy in equations (4) and (5), the mass balance
was solved using IsoSource (Phillips and Gregg, 2003). IsoSource iterates possible
combinations of each source’s contribution in pre-defined increments (1%) and within a defined
tolerance (0.1%o). This underdetermined system (two equations with three variables) has no
unique solution. Hence, a distribution of possible solutions is determined based on the isotopic
ratios of three potential C sources (Tab. 2) that may contribute to the CO, emissions. By
simplifying our model for HT1, fIC in equations (5) and (6) equals 0 and makes the equation

system uniquely solvable.

Table 4: 3%3C and F*C values of the sedimentary C sources used in the mass balance calculation.

o3C Fl4C
Site
IC OCa OCy IC OCa OCy
HT1 - -29.4 -27.3 - 0.597 1.021
T™M2 -5.26 -26.8 -27.8 0.044 0.042 0.984
SF3 -7.46 -25.6 -27.8 0.047 0.038 0.984

The upper (maximum) and lower (minimum) limit of the calculated distributions of C sources
were furthermore used to calculate the absolute amount of C released as CO, from the different

C source at SF3 and TM2 after 175 and 537 days of the incubation experiment.

Results

Bulk sediment analysis

The undisturbed Yedoma exposed as thaw mound (TM2) had the lowest *C contents in the
range of 0.023 to 0.109 FYCoc in the thaw layer (0 - 70 cm depth) corresponding to
conventional **C ages of 17,830 to 29,790 years BP (Tab. S1). The uppermost 10 cm had a
higher **C content (0.109 F**Coc) than the underlying sediment at 10 to 70 cm depth (0.023 -
0.029 F*Coc). F*Coc values in the thaw layer of the mixed sediment on the slump floor (SF3)
ranged between 0.607 F**Coc and 0.844 F*Cqoc in 0 to 60 cm depth (1,370 — 4,010 years BP)
and included two younger layers at 0 - 10 cm and 30 - 50 cm depth with 0.844 F*Coc and
0.789 — 0.829 F*Coc (1,370 and 1,500 — 1,900 yrs BP), respectively. The soil developed on
the Holocene terrace (HT1) had the highest **C content between 0.597 and 0.946 F**Coc in O-
17 cm depth. The organic layer on top of the mineral soil, which was removed prior to CO>
analysis, had a **C content slightly above atmospheric levels (1.149 F!**C) indicating the
contribution of OM produced during times of higher atmospheric *C levels due to above

ground nuclear weapon testing.
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The 33Coc results ranged from -25.3 to -32.3%o with no clear differences between sites and

no relation to sediment depth or to other parameters (Tab. S1).

The OC and N contents did not change considerably with increasing sediment depth, except
at HT1 (Tab. S1). Here, the highest OC content was measured in the uppermost layer (9.2 —
9.7%) and the lowest OC content in the bottom layer (3.0%). At the mixed site (SF3), OC
contents ranged from 3.9 to 5.5%, while they were considerably lower in the intact thaw mound
(TM2) with values of 1.0 to 2.0%. Here, higher values were measured in 0 — 10 cm than in 10
- 70 cm (Tab. S1). Similar to OC contents, the N content was highest in the uppermost layer
at HT1 (0.70%) than in the lower layer (0.17%). Slightly lower N contents were determined SF3
(0.22 to 0.37%) and even lower values at TM2 (0.12 to 0.19%), which were higher in the upper
10 cm and lower below. The differences in OC and N content between the sites resulted in
similar differences in OC/N ratios. HT1 had the highest values (14.0 - 37.6), SF3 slightly lower
(13.9 — 17.4) and TM2 the lowest ratios (7.8 - 11.0).

No IC was measurable in the HT1 soil. At SF3, the IC content ranged from 1.1 — 2.8% in 0 —
50 cm, with considerably lower IC values of 0.2% and 0.7% in 20 — 30 cm and 50 — 60 cm

depth, respectively. At TM2, IC contents were more consistent and ranged from 0.5 — 0.8%.

The *C and *3C contents of the IC did not change with sediment depth. At SF3, F1*Cic values
were in the range of 0.609 to 0.844 and thus were similar to the respective F**Coc, while the
5*3Cic values were much higher in the range of -9.1 to -12.8%.. At TM2, F'“C\c was between
0.019 and 0.056, which is higher than the respective F*Coc, except in the uppermost interval.
Here, C contents of the IC were lower compared to values of the OM. 3*3C,c ranged from -

4.5 to -7.0%o in the thaw mound sediment.

The pH values at HT1 (4.3 - 5.8) and SF3 (4.9 - 6.1) were slightly acidic, while they were
neutral to slightly alkaline (6.4 — 7.8) at TM2 (Tab. S1).

CO: fluxes and C isotopic signatures

The “C content of the CO; respired in the field differed distinctly between sites (Tab. S2). The
CO: respired from TM2 had the lowest **C contents between 0.230 and 0.329 F**C (8.9 -11.8
kyrs BP) compared to the two other sites on the thaw slump (Tab. S2). *C concentrations of
the CO; released from SF3 ranged between 0.547 and 0.716 F“C (2.7 — 4.9 kyrs BP), while
they were close to atmospheric contents (1.022 F**C) at HT1 with 0.975 to 0.985 F**C matching
values of bulk OC in the uppermost (0 — 11 cm) layer (0.946 F*C) (Tab. S1).

The CO, fluxes measured prior to CO, sampling for isotopic analysis varied considerable
between the different sites and between the three replicates taken at each site (Tab. S2). CO»
fluxes were highest at TM2 (2.7 — 12.3 g CO, m2d?) and SF3 (6.1 — 11.6 g CO> m2 d*) with
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a considerable scatter, while they were much lower at HT1 (0.8 — 2.0 g CO, m2 d?). However,
the results were affected by weather conditions at the day of measurements and thus difficult

to compare.

The stable carbon isotopic composition of CO; released in the incubation experiment differed
between sites and duration of the incubation (Fig. 2, Tab. S3). At TM2, 3'3C values of the CO,
released from the different depth intervals after the first incubation period ranged
between -22.0 and -23.4%o (Fig. 2 B), which is consistently heavier than values of OC from the
corresponding bulk sediment (-25.3 to -30.8%o.). Even higher values were determined for the
CO. emitted from the mixed site, SF3, in the range of -19.5 to -24.6%o (Fig. 2 C), while OC
values of the corresponding bulk sediment ranged between -27.5 and -32.3%.. In contrast, CO»
produced from the active layer of HT1 had the lowest isotopic ratios of -27.0 and -26.3%o in 0
— 11 cm and 11 — 17 cm depth, respectively (Fig. 2 A). No depth trend of stable isotope

signatures of the CO; produced in the incubations could be determined at all sites.

At TM2 and SF3 d'3C values decreased at the end of the incubation by 0.9 to 2.0%o, except for
the 20 — 40 cm interval and ranged between -21.1 and -22.9%. at TM2 (Fig. 2 B) and -24.2 and
-25.6%0 at SF3 (Fig. 2 C). The 3*C of CO; released from HT1 remained close to values
measured after the first incubation period at -27.3 to -28.5%o with slightly lighter values for the
11 — 17 cm depth interval.

The overall lowest *C contents of the CO, released after the first incubation period were
measured at TM2 and ranged from 0.147 — 0.188 F'*C (Fig. 2 E; Tab. S3), which is higher
than values of the bulk sediment (0.023 — 0.109 F“C). At the mixed site, SF3, the released
CO: had higher **C contents ranging from 0.585 to 0.718 F**C (Fig. 2 F) with higher values in
the upper intervals 0 - 40 cm (0.702 — 0.718 F**C) and lower values in 40 - 60 cm (0.585 F“C),
the latter being lower than the F**C of the bulk sediment. At HT1, CO; from the first incubation
period had an overall higher 1*C content (Fig. 2 D) than the respective bulk sediment with 1.011
F4Cin 0 - 11 cm, which is just below the atmospheric **C content measured at this site (1.021
F4C; Tab. S2), while 0.859 F**C was measured for CO; of the incubations from 11 - 17 cm
depth.
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Figure 2: 313C (A, B, C) and C contents (D, E, F) of bulk soil OC of the different sampling sites as well as CO2
released from the incubation experiment (G, H, 1) during the first (red triangles) and the second incubation period
(blue triangles) normalized to the amount of soil carbon.

The *C contents of the CO, changed slightly at the end of the long-term incubation (Tab. S3).
At TM2, consistently lower values were measured in all depth intervals (0.077 — 0.138 F“C)
after 1.5 years than after few weeks of incubation (Fig. 2 E). In contrast, *C contents increased
during the incubation of SF3 sediment (0.652 — 0.762 F4C), except for the CO, released from
20 — 40 cm (0.701 F**C) (Fig. 2 F). The CO; produced from HT1 soil had similar values (0.864
— 1.016 F*C) within the measurement uncertainty after few weeks and 1.5 years of incubation
(Fig. 2 D).
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The daily CO; production during the aerobic incubation differed considerably between sites
and duration of the incubation (Tab. S3). The lowest cumulative CO; production was measured
at TM2 in the range of 0.41 and 0.76 pug CO,-C gdw!d?after 175 days. Higher CO. production
rates were measured for the mixed sediments from SF3 of 1.18 to 2.85 pug CO,-C gdwd?. At
HT1, most CO, was released from the uppermost depth interval after 175 days with 7.54 ug
CO-C gdwtd?, while much less CO, was produced from 11 - 17 cm with 0.55 pug CO.-C gdw
1 d?, which is comparable to the rates measured in TM2 sediment. When normalized to the
amount of available thawed C, the daily release of C as CO; corresponds to 0.021 to 0.037 g
CO2-C kgCt d?* at TM2 (Fig. 2 H), 0.027 to 0.052 g CO.-C kgC* d* at SF3 (Fig. 2 I), and
between 0.015 to 0.093 g CO.-C kgC? d?! at HT1 (Fig. 2 G, Tab. S3). The CO; production
decreased towards the end of the incubation, after 1.5 years, by about 30% both, at TM2 (0.28
— 0.55 pug CO,-C gdw? d?) and at SF3 (0.89 — 1.90 ug CO,-C gdw? d*), and much less, by
about 8%, at HT1 (0.51 — 6.68 pg CO.-C gdw* d*). Accordingly, the normalized C release at
the end of the incubation experiment decreased to 0.014 to 0.027 g CO,-C kgC* d* at TM2,
to 0.020 — 0.038 g CO,-C kgC* d! at SF3, and to 0.015 to 0.065 g CO,-C kgC* d* at HTL.

Contributions of organic and inorganic sources to CO: release

A three C pool, two isotope (3*C, 1*C) mass balance approach was used to calculate the
contribution of different C sources to CO- emissions in the field and during the incubation
experiment for sites TM2 and SF3 (Fig. 3). Since HT1 contained no IC, a two-pool model

excluding IC was applied.

The range of possible contribution of the three different carbon sources to the CO efflux is
shown in Table 3 and the corresponding absolute amount of CO, released as C in Table S4.
During the field measurements, most of the CO; (82%) released from the Yedoma thaw
mound TM2 derived from OC sources including 15 to 34% of young OC and 48 to 67% of
ancient OC. However, a significant amount of the CO, emissions of about 18% was of
inorganic origin. At the mixed site SF3, a similar large amount of 74 - 76% of the CO; was
released from organic sources. However, the majority of CO: at this site originated from
young OC (51 - 72%) and less from ancient OC (2 - 25%). An even larger amount of 24 -
26% of the CO, derived from IC. At HT1, the two-pool model revealed that here mainly
modern OM was mineralized and released as CO; (87 - 91%), while older substrates from

greater depth made up only 9 to 13% of the CO flux.
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Figure 3: Carbon isotope biplots for (A) SF3 and (B) TM2 indicating endmembers (squares) on which the three-
pool mass balance approach is based and including field and incubation data (mean values of depth intervals and
standard deviation).

During the first 159 to 189 days of the aerobic incubation, until CO, was sampled, about 82%
of the CO> produced from TM2 sediment was released from OC sources including 3 — 12% or
15 — 23% young (13 — 14% exceeds the 0.1%. model tolerance) and 71 — 80% or 59 — 67%
ancient OC. A significant amount of 17 to 18% of the CO; originated from IC. At SF3, slightly
less CO; of about 74 — 76% was released from OC during the first 41 — 99 days until CO
sampling. Most of this CO2, between 56 — 74%, was of young origin, while only 0 — 20% derived
of ancient organic sources. The remaining 24 to 26% of the CO. originated from IC. At HT1,
modern OC was the major CO- source (94 — 96%), while only 4 — 6% originated from older
OM.

The largest change in C sources at the end of the incubation experiment (after 537 days) was
measured at TM2. Here, the contribution of IC in the CO, produced increased to 22%, while
the fraction of young OC decreased to 0 — 17% and the ancient OC contribution to 61 — 78%.
At SF3, slightly more CO, was released from young (61 — 81%) and ancient OC (6 — 29%),
respectively, while IC contributions decreased from 24 — 26% to 10 — 13%. No significant
change in C sources during the incubation period was determined at HT1 (3 - 5% fOCa; 95 -
97% fOCy).
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Table 5: Distributions of C pools contributing to the CO2 released in the field and in the incubations.

_ Minimum feasible fraction CO; Maximum feasible fraction CO;
Site ocy oca le ocy ocCa IC
Field measurements
T™M2 0.15 0.48 0.18 0.34 0.67 0.18
SF3 0.51 0.02 0.24 0.72 0.25 0.26

HT1 0.87 0.09 - 0.91 0.13 -
1%t incubation period

T™M2 0.03 0.59 0.17 0.23 0.80 0.18

SF3 0.56 0 0.24 0.74 0.20 0.26

HT1 0.94 0.04 - 0.96 0.06 -
2" incubation period

T™2 0 0.61 0.22 0.17 0.78 0.22

SF3 0.61 0.06 0.10 0.81 0.29 0.13

HT1 0.95 0.03 - 0.97 0.05 -

Discussion

Carbon sources of in situ CO2 fluxes

The analyses of CO; collected in the field revealed that the largest proportion of the emissions
(48 — 67%) released from freshly thawed Yedoma (TM2) derived from the degradation of
ancient OM, while a much smaller amount is mineralized from young OM (15 — 34%). This
result agrees well with high respiration rates of Pleistocene-age Yedoma measured in previous
incubation experiments (Dutta et al., 2006; Zimov et al., 2006; Lee et al., 2012) that were
related to higher amounts of labile OM than in Holocene deposits (Walz et al., 2018). The
young OM at TM2 most likely was deposited on top of the thaw mound by melt water and
erosion. The d'3C signatures of the CO; released in the laboratory incubations indicate that
about 18% of the CO; released at the field sites originated from IC sources. However, we
cannot rule out that the CO: release from carbonates during the incubations was biased by the
incubation conditions. Measurements of the stable C isotope signatures of CO, released from
the thaw slump and flux measurements would be required to construct Keeling plots (Keeling,
1958; Kohler et al., 2006) giving direct evidence for IC dissolution under in situ conditions.
Although the IC content of the sediment was relatively low (0.5 — 0.8%) and the pH neutral to
slightly alkaline (7.3 - 7.8 in 0-60 cm and 6.4 in 60-70 cm) it is possible that in this pH range,
the soil or sediment pH is buffered by carbonate dissolution to bicarbonate (HCO3’), which is
dissolved in ground water (Guo et al., 2015; Raza et al., 2020). However, for net CO, emissions

to be produced from IC, it has been speculated that the chemical equilibrium of chemical
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weathering must have been shifted by organic acids towards carbonate dissolution (Zolkos et
al., 2018). As suggested by Zolkos et al. (2018), thermokarst activity in retrogressive thaw
slumps can increase HCO3" concentrations in the pore water of the sediments thus changing
the chemical equilibrium to favor dissolution of carbonate and degassing of CO, (Fritz et al.,
2015).

At the slump floor (SF3), where thermokarst processes caused the mixing of Pleistocene
Yedoma with younger sediments eroded from the Holocene terrace, mostly young OM (51 —
72%) was released as CO; and much less derived from Pleistocene-age OM (2 — 25%). This
indicates the preferential mineralization of the admixed Holocene-age OM. At SF3,
thermokarst-related sediment mixing resulted in higher IC contents (0.2 - 2.8%) and lower pH
values (4.9 — 6.1) promoting IC-derived CO; emissions. Here, the amount of IC in the CO:
emissions (24 — 26%) was even larger than in the Yedoma thaw mound (TM2) supporting
observations by (Zolkos et al., 2018, 2020) that thermokarst amplifies IC cycling. The lower pH
of the mixed sediment may result from higher OC and N contents that possibly supported the
formation of organic acids causing the dissolution of CaCO3; (Ramnarine et al., 2012; Tamir et
al., 2012; Zolkos et al., 2018).

The sedimentary IC most probably is not derived from lithogenic sources because it exhibited
lower d'3C values (Tab. S1) than average values for lithogenic IC in exchange with fresh water
of about 2 — 4%, PDB (Weber et al., 1965). Besides, the IC had similar *C concentrations like
the sedimentary OC indicating coeval formation. Ca?* may have been leached from silicate
minerals to form pedogenic carbonate coatings on clay and silt-sized particles without
lithogenic carbonates being present in the sediment (Schlesinger, 1985; Cailleau et al., 2005;
Rovira and Vallejo, 2008; Ramnarine et al., 2012). Pedogenic carbonate may also have formed
from HCOg3 derived from CO, emitted by microbial degradation of the OM. The 8'3C of the
pedogenic carbonate thus is lighter, in the range of -10 to 0%, PDB, compared to lithogenic
carbonate (Cerling, 1984). A further source of IC may be ostracods that lived in polygon centers
during the Pleistocene and became part of the present Yedoma sediment. The 3*3C values of
the sedimentary IC at SF3 (-9.1 to -12.8%. PDB; Tab. S1) agree well with reported 5*C values
of subfossil ostracod valves found in thermokarst lakes at Kurungnakh Island ( -6.9 to -7.1%o
PDB) and subfossil intrapolygonal ostracod valves (-10.8 to -11.1%0 PDB; Wetterich et al.,
2008b). Thus, a fraction of the sedimentary IC may also have derived from dissolution of these
fossil remains. Further investigations are needed to disentangle potential IC sources more
precisely, because the dissolution of pedogenic carbonates would release CO, that originally
formed from microbial degradation of OM and would therefore not alter the net CO, emissions

of the sediment from where it is released (Zolkos et al., 2018).
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The Holocene terrace (HT1) was investigated because it was used as modern endmember in
the isotopic mass balance calculation. At HT1 mainly modern OM with atmospheric 1*C content
was degraded and released as CO, (87 — 91%), while the remaining fraction of the CO-
originated from the OM stored in the deeper mineral soil intervals, as indicated by the abrupt
decrease in F**C of the bulk soil below 17 cm depth (Tab. S1). The soil did not contain any
measurable IC. Although the vegetation was removed from HT1, small contributions of modern
CO; derived from autotrophic respiration of roots cannot be fully excluded. However, these
may be negligible, because the *C results of the CO,, which were close to the atmospheric
values, were corrected for atmospheric CO; contributions (Eq. 1 and 2). However, if any root
remains released bomb-spiked enriched *CO,, it would have slightly skewed our results

towards modern OM.

The CO; produced after few weeks of the aerobic incubation represent the emissions of
approximately one thaw season, i.e., about 120 days (Boike et al., 2013). The results of the
mass balance approach were similar to the field data at SF3 but slightly different at TM2 and
HT1. No positive priming promoting the decomposition of the old OM as demonstrated in
previous incubations (Wild et al., 2016; Walz et al., 2018; Pegoraro et al., 2019) took place at
the slump floor SF3, where Holocene-age sediments were mixed with Pleistocene-age
Yedoma (Tab. S4). Most CO, was released from young OM (2.6 — 6.8 g CO,-C kgC?) and
much less from ancient OM (0 — 1.8 g CO»-C kgC™?) indicating the preferential mineralization
of young sources. In contrast to the field data, less CO, was produced from young OM (3 -
23%; 0.1 — 1.5 g CO2-C kgC?) from the Yedoma thaw mound TM2 during the first few weeks
of the incubation. This suggest that less young organic substrates were present and thus were
rapidly consumed, i.e., within roughly one thawing season. This result agrees well with high
CO; production rates measured in previous aerobic incubation studies of Yedoma that were
attributed to the presence of labile OM, which can be readily mineralized after thawing (Dutta
et al., 2006; Lee et al., 2012; Knoblauch et al., 2013; Walz et al., 2018). At SF3 and TM2, the
contribution of IC to the total CO; flux was similar to the field data (17 — 18%). The CO:
produced during 41 to 159 days of incubation of soil from the Holocene terrace (HT1) contained
slightly, but statistically not significant higher amounts of young OC compared to the field data.
This may be related to the CO- collection with respiration chambers giving a mixed signal that
may also include CO; from deeper parts of the thawed layer (21 cm) containing older OC while

the CO; in the incubation experiment was only released from the uppermost 17 cm.

The CO; production from the Yedoma thaw mound at TM2 during the first 175 days of (0.41 —
0.76 ug CO,-C gdw * d?) was very low compared to previous results in which Pleistocene-age
Yedoma from the Kolyma region was incubated for a shorter period (41 — 99 days) resulting in

about five times larger CO, production rates compared to TM2 (Dutta et al., 2006), or, up to
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one order of magnitude larger CO, production rates in an incubation at higher temperatures
(15 °C, Lee et al., 2012). These differences may be related to different OM composition, stage
of degradation and bioavailability, i.e., interaction with mineral particles in the heterogeneous

Yedoma deposits and of cause to the different incubation temperatures.

The highest CO, production was measured in the uppermost, youngest layer at HT1 and much
less in the lower depth interval (10 - 17 cm; 0.55 pg CO,-C gdw? d?). This difference is related
to the larger amounts of young (close to atmospheric “C levels), little degraded substrates in
the surface layer having high OC content (9.7%) and OC/N ratio (14). Likewise, more than
three times higher production rates were measured for the mixed sediment at the slump floor
containing more OC compared to the Yedoma thaw mound (Tab. S1). These data underline
the strong relation of CO, production to OC content (R2 = 0.9; p < 0.005) persistent for all sites
and both, field and incubation data, and, to a lesser extent, to OM quality represented by the
OCI/N ratio. The latter may have promoted the mineralization of OM, which has a lower stage
of degradation at SF3 and HT1, suggested by higher OC/N ratios compared to TM2.

The CO; production rates normalized to the available C differed in a smaller range between
the sites (Tab. S3). Most CO- was still produced from the carbon-rich surface soil at HT1, while
about 40 — 70% less was generated from the mixed sediment SF3 (except from 20 — 40 cm
depth) and about 25% less from the Yedoma thaw mound at SF3. The varying CO; production
rates can be explained by the higher amount of younger OM that is preferentially degraded in
HT1 soil and SF3 sediments. In addition, physical stabilization processes may reduce the
bioavailability of the OM differently in the different sediments (Hofle et al., 2013; Gentsch et
al., 2015).

The results measured after 1.5 years of incubations can give information on the future
development of OM degradation and CO; production as shown in previous long-term
incubation studies (Dutta et al., 2006; Knoblauch et al., 2013; Faucherre et al., 2018). The
trend of young OM depletion in the thaw mound TM2, which was observed during the initial
period of the incubation, continued resulting in a further decline of this OM pool by about 3 -
6% at the end of the incubation. Carbon dioxide emissions from ancient sources thus increased
of which about 2% originate from the mineralization of Yedoma-derived OM and a larger
proportion of 4 - 5% from the abiotic degradation of IC. Given the length of the long-term
incubation, it is possible that the degradation of OM led to the oxidation of NH4", which releases
H* ions in aerated TM2 sediments during the incubation that decreased the pH and thus
increased the dissolution of IC and consequently the contribution of IC to total CO; release
(Tamir et al., 2012). The amino acids that are required for the microbial oxidation, if not present

initially, may have been released into the sediment dissolved in water from melted ice wedges
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(Drake et al., 2015), leading to acidification of the sediment, which was experimentally shown

to occur rapidly within few weeks (Tamir et al., 2011, 2012).

At the mixed site SF3, slightly more CO; was released from both, young and old OM, while IC
contribution declined at the end of the incubation. The lower contribution of IC may be caused
by the overall decreasing heterotrophic respiration during the long-term incubation (Tab. S3).
The 50% lower proportion of IC may be related to the reduction of microbial respiration and
CO. production from OM. A decreased CO. concentration could slow down carbonate
dissolution and reduce IC emissions. In contrast to TM2, the soil of SF3 had a lower pH that
indicates a lower concentration of inorganic carbon. These could have dissolved the

carbonates in the sediment, which may occur as rapidly as within one year (Biasi et al., 2008).

The CO- production from the thaw layer of the sediments at TM2 and SF3 decreased at the
end of the incubation by about the same amount of approximately 24 to 34%, while it
decreased much less, by 6 to 11%, at HT1. This decline in CO; production at all sites is smaller
compared to previous long-term incubations, which attributed the reduction in production rates
to a decline of labile OM (Dutta et al., 2006; Knoblauch et al., 2013; Walz et al., 2018). Thus,
the lower decrease in CO, production in this study, may indicate that less labile OM was

present here.

Overall, our source assessment indicates that relative proportions of CO. derived from young
OM in Pleistocene-age Yedoma decline during the incubation (of TM2). However, when young
OM is available in sufficient amounts, like in the mixed sediment SF3 and the soil in the
Holocene terrace HT1, most of the CO is produced from this young OM pool during the entire
duration of the incubation. The reduction in CO- production thus may be related to other effects,
e.g., changes in the microbial community as a result of the length of the experiment, the lack
of nutrients that may have led to a decreased microbial diversity and favored conditions for
slower metabolizing oligotrophic bacteria, which has been proposed but not yet experimentally
verified (Schadel et al., 2020).

Conclusion
The dual carbon isotopic source assessment revealed that large proportions of up to 80%

ancient organic and about 18% inorganic carbon, despite not being shown directly in the field,
were likely released from freshly thawed, Pleistocene-age Yedoma exposed as thaw mound
in a retrogressive thaw slump. A young OM pool, which derived from overlaying sediments or
was transported by meltwater to the thaw mound, was preferentially respired. The contribution
of ancient C sources, both organic and inorganic, to the CO; produced from thawed Yedoma
may further increase (by about 6 - 7%) upon longer thaw as indicated at the end of the aerobic

incubation at 4°C after 1.5 years. The mixing of Pleistocene-age Yedoma with Holocene
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material at the slump floor by erosional processes did not cause a positive priming, i.e.,
increasing the release of ancient OC. Most of the CO; (51 - 72%) produced from the mixed
sediments originated from young OM, which was available in sufficient quantities even at the
end of the incubation. CO, production rates were positively correlated with sedimentary OC
content and decreased over the course of the incubation. Considerable amounts of IC were
abiotically released as CO; from the freshly thawed Yedoma and from the mixed sediments,
which is supposed to be related to thermokarst activities and transport of HCO3 by meltwater
from the ice wedges into the Yedoma causing dissolution of IC. Besides, pH values may be
lower by the production of organic acids during microbial OM decomposition. The substantial
IC contribution to CO, emissions from thawing Yedoma may overestimate CO- fluxes from
organic sources. IC-related emissions may be even larger because significantly larger
amounts of sedimentary IC were found in the circumarctic region compared to this study
suggesting the possibility of a yet overseen source of CO, emissions. The dissolution of
pedogenic carbonates that formed after Yedoma thaw, from bicarbonate of organic origin,
would ultimately not alter the CO; budget, in contrast to lithogenic sources. However, the CO-
budget might be altered if those pedogenic carbonates formed from OC over a longer time
scale and were destabilized recently. Thus, further investigations are of interest and are

required to determine precisely the potential sources of the sedimentary IC.
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Supplementary Table S1: Bulk sediment parameters in the thaw mounds (TM1, TM2), thaw slump floor (SF3) and Holocene terrace (HT1).

Site  Depth [cm] Lab ID FiCc + 10 313Cic [%o]** FlCoc * 10 5Coc [%o]*-2 pH IC [wt.%] OC [wt.%] N [wt.%] OCIN
™1 0-10 COL5258 - -49+0.1 0.215 + 0.002 -26.0 £0.1 7.9 0.2+0.2 21+02 016+001 12714
10-20 COL5259 0.050 + 0.003 -6.0+0.1 0.042 +0.001 -25.9+0.2 8.2 0.4+0.4 1.8+0.1 019+0.02 95+12
20-30 COL5260 - 72402 0.026 + 0.001 -26.1+0.1 8.2 0.4+0.2 1.9+0.1 019+0.02 10011
30-40 COL5261 - -5.3+0.2 0.035 + 0.001 -26.2+0.2 8.1 0.2+0.1 22401 0.20£0.02 10.6+1.2
40-50 COL5262 0.043 +0.003 -6.9+0.1 0.030 + 0.001 -26.0 £0.1 7.9 0.3+0.5 2.3+0.2 0.22+0.02 10816
50-60 COL5263 - 7001 0.023 + 0.001 -26.0£0.1 7.6 0.3+0.3 2.6+0.1 0.23+0.01 11407
60-70 COL5264 - -11.6+0.1 0.016 + 0.001 -25.6 0.3 7.9 0.2+0.1 33201 0.31+0.01 105+0.2
70-80 COL5265 - -19.1+0.1 0.007 +0.001 -26.1+0.6 7.7 0.1+0.1 3.3+0.1 0.31+0.01 10.7+0.2
80-90 COL5266 - -19.6+0.1 0.007 + 0.001 -25.9+0.2 6.8 0.0+0.4 7.8+04 0.58+0.01 13507
™2 0-10 COL5999 0.056 + 0.001 -53+0.1 0.109 + 0.001 -25.3 7.6 0.7+0.4 2.0+0.1 019+0.02 10411
10-20 COL6000 0.055 + 0.004 -45+0.1 0.029 + 0.001 -255 7.8 0.7+0.3 1.5+0.2 0.17+0.02 89+13
20-30 COL6001 0.057 + 0.004 7001 0.027 +0.001 -30.8 7.3 0.5+0.4 1.9+0.1 0.18+0.02 10.3+1.3
30-40 COL6002 0.044 + 0.004 -5.4+0.1 0.023 +0.001 -29.0 7.3 0.6+0.2 1.0+0.1 0.13+0.00 7.8+0.4
40-50 COL6003 0.038 + 0.004 -46+0.1 0.025 + 0.001 -25.7 7.3 0.8+0.4 1.6+0.3 0.17+0.00 9.1+15
50-60 COL6004 0.019 + 0.001 -52+0.1 0.025 + 0.001 255 7.3 0.5+0.2 1.4+0.2 0.13+0.00 11.0+1.3
60-70 COL6005 0.035 + 0.004 -52+0.1 0.028 + 0.001 -26.1 6.4 0.8+0.5 1.1+0.0 0.12+0.05 9.1+15
SF3 0-10 COL6006 0.812 +0.009 12.8+0.1 0.844 +0.012 -28.5 5.8 1.9+1.2 44106 0.31+0.02 139%21
10-20 COL6007 0.668 + 0.010 -10.8£0.1 0.664 +0.012 275 5.5 1.1+0.8 42+04 0.32+0.03 12916
20-30 COL6008 0.593 + 0.008 -9.1+0.1 0.608 + 0.012 -28.0 5.1 02+15 3.9+13 0.22+0.03 17.4+6.2
30-40 COL6009 0.179 +0.003 -11.8+0.1 0.829 +0.012 -27.9 6.1 2.8+0.5 55+0.1 0.33+0.03 16615
40-50 COL6010 0.764 +0.010 -10.2+0.1 0.789 +0.012 27.7 5.5 22+1.2 55+0.1 0.37+0.05 150+2.1
50-60 COL6011 0.609 + 0.007 -9.6+0.1 0.607 +0.012 -32.3 4.9 0.7+0.4 43+0.1 0.28+0.02 154+1.0
HT1 +8 COL6014 - - 1.149 + 0.012 -27.2 45 - 9.2+6.0 0.44+001 37.6+04
0-11 COL6012 - - 0.946 +0.012 27.4 5.8 - 9.7+0.4 0.70£0.00 14.0+0.6
11-17 COL6013 - - 0.597 +0.012 -29.4 43 - 3.0+0.1 017+0.02 17821

*I %o VPDB]; *2n = 1 for TM2, SF3, HT1
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Supplementary Table S2: Measured (s) and contamination corrected (c) d'°C, F**C values and conventional **C ages of CO, emissions and and

atmospheric sample (Atm) as well as surface CO; fluxes.

Site Lab ID Fl4Cs+ 10 F4Cc+ 10 Age (yrs BP) 513Cs [%0 VPDB] O13Cc [%o VPDB] (n=1 per site)  Flux [g CO2 m2d]
T™M2 COL5014 0.419 £ 0.004 0.242 + 0.001 11400 + 120 -19.8+£0.1 12.3
COL5015 0.234 +0.003 0.230 + 0.001 11800 + 170 -23.1+0.1 -23.1+£0.6 6.7
COL5016 0.583 =+ 0.005 0.329 + 0.002 8940 = 90 -17.7£0.3 2.7
SF3 COL5011 0.829 + 0.007 0.602 + 0.004 4070 + 40 -149+0.3 7.4
COL5012 0.689 + 0.006 0.547 + 0.002 4850 + 50 -18.2+0.1 -22.5+0.9 6.1
COL5013 0.771 = 0.006 0.716 = 0.001 2690 £ 30 -19.9+£0.3 11.6
HT1 COL5017 1.002 + 0.007 0.985 £ 0.003 120+5 -18.4+0.2 2.0
COL5018 1.004 £ 0.008 0.967 = 0.005 270£5 -14.2+£0.3 -27.0x1.7 0.8
COL5019 1.010 + 0.008 0.975 £ 0.006 2105 -13.0+0.1 0.9
Atm COL5025 1.021 £ 0.008 - present -8.4+0.3 - -
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Supplementary Table S3: 33C and *C contents of CO; with daily and normalized CO- production during the incubation (means + std. dev).

1stincubation period 2"dincubation period
Site D[Eﬁf]h 5\1/3: \"/;gé]/ FlC £ 10 “gdvcﬁz(ﬁ 9 9 Cofﬁlkg ¢ 5:5 3;;8[;/“ Fi4C £ 10 “gdvcﬁz(;.cl 9 gcCOoxCkgCldl
T™M2 0-10 -23.4+0.6 0.188 + 0.131 0.41 £ 0.09 0.021 +0.001 -21.6+1.0 0.138 + 0.088 0.28 £ 0.06 0.014 +0.002
10-20 -22.0+£2.3 0.172 £0.023 0.48 £0.24 0.027 = 0.009 -21.1+£15 0.124 +0.010 0.36 £0.11 0.020 = 0.006
20-40 -22.8+£0.3 0.147 £ 0.012 0.76 £ 0.15 0.037 + 0.006 -22.9+0.6 0.077 + 0.009 0.55 + 0.06 0.027 +0.003
40-70 -239+x1.2 0.171 £0.017 0.51 £ 0.08 0.033 £ 0.003 21917 0.110 = 0.064 0.39+£0.04 0.025 = 0.002
SF3 0-10 -24.0£2.2 0.717 £ 0.175 2.31+1.47 0.047 +£0.014 -25.0+2.9 0.741 + 0.209 1.53+0.70 0.031 +0.010
10-20 -24.6 £2.0 0.718 +0.118 2.85+1.09 0.052 +0.012 -25.6+2.4 0.762 + 0.061 1.90+0.61 0.035+0.011
20-40 -195+14 0.702 =+ 0.029 1.18 £0.92 0.027 £ 0.015 -24.2+2.0 0.701 = 0.050 0.89 =+ 0.55 0.020 £0.014
40-60 -23.3+x1.9 0.585 £ 0.035 2.02+0.10 0.052 +0.002 -254+£1.7 0.652 +0.033 1.48 £0.20 0.038 =+ 0.005
HT1 0-11 -27.0x15 1.011 £ 0.003 754 £1.70 0.093 + 0.009 -27.3+0.3 1.016 + 0.003 6.68 + 0.95 0.065 + 0.009
11-17 -26.3+£25 0.859 +0.027 0.55+0.24 0.015 +0.002 -285+15 0.864 +0.011 0.51 £ 0.06 0.015 +0.001
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Minimum absolute produced CO2

Maximum absolute produced CO:2

Site Depth [cm]
OCa oCy IC OCa OCy IC
175 days of incubation [g CO2-C kgC]

TM2 0-10 2.14 £ 0.06 0.11£0.01 0.87 £0.03 2.91 £ 0.09 0.84 £ 0.02 0.94 £0.03
10-20 2.75+£0.72 0.14 £ 0.04 1.12 +0.29 3.73+£0.97 1.07 £ 0.28 1.21 +0.32
20-40 3.85+0.48 0.20 £ 0.02 1.57 £0.19 5.22 + 0.65 1.50+£0.19 1.70 £ 0.21
40-70 3.46 £0.28 0.18 £0.01 1.41+0.11 4.68 £0.38 1.35+0.11 1.52+0.12

SF3 0-10 0 4.64 £1.12 1.99 £ 0.48 1.66 £ 0.40 6.14 £ 1.49 2.16 £ 0.52
10-20 0 5.14 £0.93 2.20 £ 0.40 1.84 +0.33 6.79 £1.23 2.39+0.43
20-40 0 2.64 £1.23 1.13 £+ 0.53 0.94 +£0.44 349 +£1.62 1.22 +0.57
40-60 0 5.14 £0.16 2.20 £ 0.07 1.84 + 0.06 6.79 £0.22 2.39£0.08

537 days of incubation [g CO2-C kgC1]

TM2 0-10 4.59 £ 0.40 0 1.66 + 0.15 5.87£0.51 1.28 +0.11 1.66 £ 0.15
10-20 6.58 £ 1.57 0 2.37 £ 0.57 8.41+£201 1.83+0.44 2.37 £0.57
20-40 8.77 £0.89 0 3.16 £ 0.32 11.22 +1.13 2.45 +0.25 3.16 £ 0.32
40-70 8.31+£0.64 0 3.00£0.23 10.63 £0.82 2.32+0.18 3.00+0.23

SF3 0-10 1.00 £ 0.25 10.21 £ 2.59 1.67 £0.42 4,69 +£1.19 13.56 + 3.43 2.18 £ 0.55
10-20 1.13+0.28 11.45+2.84 1.88 +0.47 5.26 + 1.30 15.21 +3.77 2.44 £ 0.60
20-40 0.66 = 0.36 6.69 = 3.63 1.10 + 0.60 3.07 £ 1.67 8.88 £ 4.82 1.43+0.77
40-60 1.24 +0.13 12.59+1.30 2.06 £0.21 5.78 £ 0.60 16.72+1.72 2.68 £ 028
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Abstract

The radiocarbon analysis of CH4 required the development of a new sample handling routine
and the establishment of a new vacuum system that converts CHs to CO, for direct
measurement with the gas injection system of the AMS at the CologneAMS facility. First tests
with multiple series of “C-free and modern standards, as well with a biogas mixture with
sample sizes ranging from 20 to 50 pg C resulted in a CH4 to CO- conversion efficiency of 94
—97%. Processed standards were further evaluated for contamination with extraneous carbon.
With this new set up blank values achieved 0.006 + 0.003 F**C, which is comparable to blank
values achieved with our routinely used CO; vacuum system. With the processed standard
series, we were able to quantify a low contribution of 0.26 + 0.13 ug modern and 0.33 + 0.12
g dead exogenous carbon, respectively, for the new system. Both sources of contamination
resulted in 0.58 £ 0.18 pg of extraneous C, introduced during sample handling and pre-
treatment, with a corresponding F“C of 0.447 + 0.245. First tests with a near modern CH4:CO,
biogas mixture delivered reproducible results with a *C content of 0.978 — 1.010 F*C, after

applying the correction for extraneously introduced carbon.

Introduction
The global atmospheric methane (CH4) concentration doubled since the 19" century and is

increasing even more rapidly since 2007 (Kirschke et al., 2013; Turner et al., 2017). Besides
carbon dioxide (CO2), methane is considered to be the second most important greenhouse
gas with a 20-fold warming potential (Milich, 1999). The atmosphere balances CH4 emissions
from other terrestrial or aquatic sources, thus acting as a CHa sink. In general, there are three
main categories of CH, sources: Biogenic (methanogenic microbes), thermogenic (geological
processes) and pyrogenic (incomplete combustion of biomass through wildfires and fuels)
sources release CH. with characteristic *C and *C isotopic signatures. Methanogenic
microorganisms, for example, produce CH, that is depleted in its 3C content and likely
enriched in its **C content, whereas thermogenic CH4, produced over millions of years, would
contain more ¥C compared to biogenic sources and no *C. While the sources of CH4
contributing to the atmosphere are generally known, it is still uncertain to which extent
individual carbon (C) sources are contributing to the CH4 budget (Kirschke et al., 2013).
Numerous studies have been conducted over the last years, analysing CHs emissions to
distinguish between C sources based on *C content directly from the atmosphere (Graven et
al., 2019), peatlands (Garnett et al., 2016; Cooper et al., 2017) or aquatic environments
(Pohlman et al., 2009; Joung et al., 2019).
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Gas samples taken from the environment or even from laboratory incubations contain other C
carrying gases that need to be separated from CH,, by utilizing carrier gases (noble gas or
synthetic air, Pohlman et al., 2009) or pressure differences (Garnett et al., 2019) by which the
sample is moved. The CH4 separation during sample processing may be achieved through
chemical adsorbents (Garnett et al., 2019), cryogenic traps (Petrenko et al., 2008; Pack et al.,
2015), oxidation furnaces (Pack et al., 2015) or a combination of those (Garnett et al., 2019),
in order to perform a meaningful C-isotope analysis. The approach presented in this study
utilizes a combination of methods taken from recent studies. The sample is flushed through a

set of cryogenic traps and an oxidation furnace, using a carrier gas at reduced pressure.

Environmental gas samples most prominently contain CO», and water (H2O), but also carbon
monoxide (CO) and other hydrocarbon gases in smaller quantities. As these gases are
potentially emitted from different organic or inorganic sources and therefore feature different
isotopic compositions, it is necessary to separate them (Petrenko et al., 2008). H.O is removed
by using dry ice slurries (DI) or adsorbents (Garnett et al., 2019) while CO; is fixated at low
temperatures by utilizing liquid nitrogen (LN, Petrenko et al., 2008; Pack et al., 2015) or
adsorbed through molecular sieves containing zeolite (Garnett et al., 2019). Ultimately, the
purified CH4 is oxidized in a furnace with an oxygen donor and converted to CO; and H,O. The
choice of the catalyst varies from laboratory to laboratory. Most prominently, cupric oxide
(CuO) filled columns (Kessler and Reeburgh, 2005; Pack et al., 2015), platinized alumina
beads contained in quartz glass tubes (Garnett et al., 2019) or platinized quartz wool are used
as catalysts (Petrenko et al., 2008; Sparrow and Kessler, 2017). After the reaction, the CH,
derived CO; can be quantified and prepared for *C analysis via gas injection (Stolz et al.,

2017) or graphitization.

Here we present a new setup for the purification and conversion of CHs samples to CO; at the
CologneAMS facility. Gas samples are flushed with synthetic air at reduced pressures through
cryogenic traps, separating CH, from other gases and subsequently oxidized to CO, for C
analysis using a gas ion source. We performed tests with different standards including a
modern CH4:CO; biogas mixture, as well as “*C-free CH, mixed with **C-enriched CO: to
guantify the trapping efficiency and CH,4 to CO. conversion and recovery rates. With this setup
sample injection, purification and oxidation, as well as sealing for AMS analysis, is possible in

less than 1 h.
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Methods

System overview

The new CH, oxidation system consists of three units (Fig. 1): (1) the mixing unit, where
samples or standard gas mixtures are prepared and injected via the gas supplies. (2) The
purification unit consists of furnaces and cryotraps to separate and trap gases in order to
isolate CHa. (3) The sealing unit consists of pressure transducers (PKR 361, Pfeiffer© Vacuum,
Germany; Baratron® 628B, MKS Instruments Deutschland GmbH, Germany), a series of
calibrated volumes, and ultra-torr fittings equipped with glass ampoules where the sample can
be quantified and CO. aliquots corresponding to 20 - 50 pug C are sealed off for subsequent

AMS measurement.

The mixing unit (Fig. 1) was built to handle gases from different containers (i.e., gas cylinders,
serum bottles or vials). Each connection is individually maintainable by a respective valve
allowing the injection and mixing of defined volumes of gas mixtures. CH4 and CO; are supplied
either in small pressurized 15 | bottles that are directly connected to the mixing unit with a
pressure regulator and regular ferrule fittings (Swagelok®, USA) from a self-assembled
stainless-steel cylinder (304L-HDF4-1GAL, Swagelok®, USA), that is equipped with a
pressure gauge (-1 — 3 bar, PGI-63B-BC3-LAQX, Swagelok®, USA) and sept port (SS-4-TA-
1-4STKZ, Swagelok®, USA), or the gases are taken from sealed serum bottles. Similar to the
sample cylinder, a sept port (S, Fig.1) is used for syringe injection of gases at the mixing unit.
Gases are injected with a 10 ml gas tight syringe (Gastight 1010 LTN, Hamilton®, USA). In
order to mix bottled gas with gases from the syringe, a 2.5 ml stainless-steel vacuum syringe
(Sv, Fig.1, KDScientific Inc., USA), featuring a screw thread for standard vacuum fittings was
installed permanently next to the syringe port in order to quantify and temporarily hold injected
volumes. The valves are permanently regulating the gas flow so that a gas stream of 60 ml
min cannot be exceeded. The flow is permanently monitored by a flow meter (F, Fig.1-, FMA-
1606, Omega™ Engineering Inc., USA) that is installed prior to the purification unit of the

oxidation rig.
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Vacuum pump

CuO
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Mixing Purification S, Vacuum syringe
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LN Liquid nitrogen trap

DI Dry ice ethanol trap
P Pressure transducer
V Calibrated volume

Figure 1: Schematic overview of the oxidation rig, consisting of the mixing (green), purification (red) and sealing
(blue) units.

A tube furnace was installed in line with the cryogenic traps that oxidizes CH4 to H,O and CO-
(red frame, Fig. 1). Gases are flushed from the mixing unit through two U-shaped tubes. The
first U-tube is submerged in a Dewar flask filled with DI that immobilizes any excess moisture,
while the second U-tube is submerged in a Dewar flask filled with LN to immobilize any CO»
from the gas stream. Subsequently, the gas stream enters the furnace (Carbolite Gero GmbH
& Co. KG) with a CuO filled quartz glass tube and is heated to 1000°C in order to oxidize CH,
to CO.. In a final set of cryogenic traps H,O and CO are collected within U-tubes submerged
in DI and LN, respectively. Any non-reactive and non-condensable gases left in the gas stream
are now evacuated through the vacuum pump and the isolated CO; is transferred to the sealing

unit.

The sealing unit (blue frame, Fig. 1) is constructed like a standard vacuum rig with pressure
transducers, calibrated volumes, and ultra-torr fittings equipped with glass ampoules (4 or 6
mm OD), that are used to seal CO;, samples (Wotte et al., 2017). The sample CO; is trapped
into one of the calibrated volumes by applying a LN filled Dewar flask. After transferring the
CO: into the calibrated volume, valves are shut, and the LN is removed to mobilize the gas.
The evolving gas builds up pressure that can be directly related to the amount of C. Defined
amounts of CO, can be transferred to a second calibrated volume by applying LN. These

aliquots can be further used for AMS analysis after transferring them to the glass ampoules.
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While the CO: is still immobilized inside the glass ampoule submerged in LN, the valves to the
vacuum pump are briefly opened and non-condensable gases are removed. After this

evacuation, glass ampoules are sealed with a hand-torch.

Setup maintenance and preparation

Prior to sample processing, the tube furnace is heated up to 1000°C and maintained at this
temperature for 30 minutes to ensure that the CuO filled quartz glass tubes are heated up, as
well. The mixing and purification units of the system are flushed three times with 40 ml min
argon (Ar) gas for 10 min and evacuated afterwards below 10 mbar. This is done prior and in
between samples to maintain a low line blank and prevent memory effects (Pack et al., 2015).
After the third evacuation, synthetic air is set up to flow at a rate of 10 ml min™ during the entire
sample preparation procedure. This is monitored with the flow meter that is installed at the
beginning of the purification unit. With the synthetic air being set up, a pressure of < 20 mbar
is maintained throughout the sample processing. A pressure of <20 mbar still allows the fixation
and removal of other hydrocarbon gases from the gas phase into the LN trap but more
importantly prevents the condensation of oxygen, which might pose a safety hazard (Sparrow
and Kessler, 2017). The rightmost part of the system, which is used for sample guantification
and sealing is not flushed and kept at a constant vacuum below 107 mbar to maintain

cleanliness.

Depending on the type of sample or standard that needs to be handled, different injection and
mixing procedures are possible at the mixing unit of the oxidation rig that will be addressed
individually in more detail in the following. All samples and standards were treated similarly
after injection. Injected gas mixtures are transported with the synthetic air stream from the
mixing unit through the furnaces and cryogenic traps installed at the purification unit into the

calibrated volumes and glass ampoules at the sealing unit.

Preparation of standards

Different types of standards were prepared to test the overall cleanliness of the setup, as well
as the trapping efficiency and the CH4 to CO; conversion rate of the oxidation rig. In a first test
run, the overall C-blank of the line was tested by preparing pure, C-free N2 gas with the system.
The N2 (99.999% purity, Linde GmbH, Germany) was filled via a Teflon tube attached to sterile
injection needles (Sterican® size 18, B.Braun SE, Germany) into 100 ml serum bottles, sealed
with crimped butyl rubber stoppers. A second injection needle was inserted into the butyl
stopper as an escape opening for the ambient air sealed into the bottle during crimping. The
serum bottles were washed with Milli-Q water (MQ; Millipore, USA) water and subsequently
combusted at 450°C for 3 hours in a muffle furnace prior to usage. The butyl stoppers were

washed with MQ water. The bottles were flushed at ambient pressure with N> at ambient
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pressure with at least three bottle volumes in order to ensure that no ambient air remained
inside. A 10 ml gas tight syringe, that was pre-cleaned with dichloromethane (DCM;
SupraSolv®, MERCK KGaA, Germany) to remove residual lubricants, was used to extract 10
ml N2 from the sealed serum bottle in order to inject the N» gas into the oxidation rig via the

sept port (S, Fig. 1).

1C-enriched CO; standards (Ox-Il; NIST SRM 4990C; nominal value 1.3407 FC) were
prepared with sealed tube combustion of oxalic acid crystals according to the methods
described in Melchert et al. (2019). In summary, oxalic acid powder equalling 3 mg of C was
weighed into DCM-cleaned Sn boats (4 x 4 x 11 mm, Elementar, Germany) and transferred
into quartz tubes (MQ-washed and pre-combusted at 900°C) along with CuO as a combustion
catalyst. The filled quartz tubes were then evacuated at a vacuum rig below 10 mbar and
sealed using a blow torch. Subsequently, the sealed quartz tubes were combusted at 900°C
for 4 hours in the muffle furnace to oxidize the oxalic acid to CO,. The quartz tubes with the
Ox-Il derived CO, were left to cool down after combustion, wiped with acetone (PESTINORM®
SUPRA TRACE, grade 299.9%, VWR® chemicals, Germany) and put in a tube cracker at our
vacuum rig, where they were cracked under a stream of He. The CO; was flushed with the He
stream through a dry-ice ethanol slurry to remove any excess moisture and then through a LN-
filled cryotrap to fixate the CO,. Using calibrated volumes with pressure reading inside the
vacuum rig, the amount of CO; was quantified and sealed off in a smaller glass ampoule.
Afterwards, the glass ampoule containing the CO; standard was carefully inserted inside a 100
ml serum bottle, sealed with a butyl stopper and flushed with 40 ml min* of He for 10 min via
injection needles at ambient pressure. After flushing, the needles were removed, and the
serum bottle was thoroughly shaken to break the glass ampoule inside in order to release the
COs,. Lastly, a 10 ml aliquot of the CO2:He mixture was extracted using the gas tight syringe

and injected into the oxidation rig via the syringe port.

Bottled *C-free CH4 (99.995% purity, Westfalen AG, Germany) was connected to the mixing
unit of the oxidation rig and 2 ml were injected at ambient pressure as a radiocarbon free
standard and, in a second series, mixed with **C-enriched CO, from oxalic acid. With this
second series we tested the efficiency to trap CO; that does not originate from CH. and
separate it from CHs-derived CO;. A ratio of 2 ml CH4 to 10 ml of He:CO; gas mixture was
injected to provide a sensitive measure for the separation of *C-free CO, derived from CH4
and *C-enriched CO; originated from Ox-II. Therefore, the synthetic air stream was closed,
and the mixing unit was evacuated until no mass flow was readable anymore on the flow meter.
Then, the CH, bottle was opened and set up at 1 bar to fill the 2 ml vacuum syringe. The valve
next to the vacuum syringe and the CH4 supply were then closed, and the system left to

evacuate. After no mass flow was readable anymore, the synthetic air stream was opened
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again and set up at 10 ml min. Up to this point, no cryogenic traps were yet attached and the
residual CH4 was pumped out of the system. 10 ml aliquots of the Ox-Il derived CO-:He mixture
were extracted from the 100 ml serum bottles using the gas tight syringe and inserted into the
sept port. Dry-ice ethanol slurry and LN were then filled into their respective traps and attached
to the U-tubes. Consequently, the valves connecting the vacuum syringes as well as the sept
port to the line were opened, and the gases expanded into the system and were flushed
through the line with the stream of synthetic air. After the syringes were emptied completely,
the valves to the sept port and vacuum syringe were closed and the system left for about 10
minutes with the synthetic air stream open to ensure that the gas mixture has moved

completely through the whole setup.

Relatively *C enriched biogas was collected from a nearby biogas facility (Randkanal Nord;
Dormagen, Germany) in a stainless-steel cylinder and used as a near-modern CH, laboratory
standard. Prior to the gas collection, the cylinder was connected to our vacuum line and the
ambient air in the tank was fully evacuated. At the biogas facility, the cylinder was directly
connected to one of the maintenance gas outlets via a Teflon coated tube. The cylinder had
opening valves on both sides allowing a proper flushing. The valves were opened after
connecting the tube so that the gas was allowed to flush through the cylinder for about 5
minutes. The biogas mainly consists of CH, and CO, among other trace gases (56% CHa, 44%
COg, quantified on the oxidation rig). 10 ml aliquots were extracted from the cylinder at ambient
pressure by connecting a second valve with sept port to the cylinder and using the gas tight
syringe. The gas was then immediately injected into the prepared oxidation rig, similar to the

procedure for the previously described Ox-1l CO, standards.

Quantification of extraneous carbon contributions

Radiocarbon analysis of small samples is sensitive to the introduction of contamination (Santos
et al., 2007). It is assumed that the apparent *C content and the mass of a sample (F**Cs, ms)
consist of the real *C content of the sample and its mass (F**Cgr, mr), as well as contribution

from extraneously introduced carbon (F**Cext, Mext):
F'*Cs xmg = F**Cg * mg + F™* Cyp * mgxr 1)
and mp = mg — mgxr (2

The results of the *C analysis of different standards were used to calculate two principal
contamination pools introduced during pre-treatment and sample injection into the system. A
14C-free (F**C = 0) or dead pool is estimated by evaluation of *C enriched standards and a

modern (F**C = 1.01) contamination pool by evaluation of *C-free standards:
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_ F14C5*m5—F14CR*mR
MEXT = ~plac, o—Flicy

©)

Consequently, the two individually calculated pools are combined to a single extraneous
carbon pool featuring a mean *C content of the individually calculated “C-free (dead) and

modern contamination pools (Gierga et al., 2014):

F14C _ F*Cieaa*Maead+F* Cmodern*Mmodern (4)
EXT —
Mgead T Mmodern

After quantifying mgeas and Mmoderm iN addition to their respective F*C by evaluating different
standards and solving equations (3) and (4), the *C data obtained from the biogas analysis
were corrected for both, modern and dead contamination, by rearranging and solving

equations (1) and (2). The associated errors were calculated using Gauss error propagation.

Results and Discussion
In order to test our oxidation system for recovery efficiency, as well as for contamination, a

total of 33 aliquots from multiple 2 ml and 10 ml injections, divided into different series,
containing between 20 and 50 pg C were processed for AMS analysis. The results of the

different series are summarized in figure 2 and table 1.

Table 1: Comparison of different standard series handled on the CHa oxidation rig, expected and measured F**C
(average value with standard deviation), as well as recovery efficiency.

Sample n Expected Measured Efficiency
F“Cr F%Cs+ lo [%0]

CH4:CO; (dead:Ox-11) 13 0 0.006 + 0.006 94.4

CH4:CO2 (biogas) 9 ~1 0.983 + 0.016 97.3

CHy (dead) 5 0 0.006 + 0.003 -

CO2 (Ox-II) 4 1.341 1.331+£0.012 -

N2 (C-free) 5 - - -

14C analysis of standards

CO: produced from pure *C-free CH4 had an average F**C of 0.006 + 0.003 (n = 5). The same
CHy, that was mixed with Ox-Il derived CO, resulted the same amount of *C (0.006 + 0.006
F4C; n = 13). An overview of blank values presented in other studies in comparison to our
results is given in table 2. Although the data set is limited, due to the small number of total
samples processed, the blank values obtained from these series are comparable to blank
standards of a similar size, prepared on our CO; vacuum line used for compound specific
radiocarbon analysis (F**C 0.005 + 0.0004; n = 4; Melchert et al., 2019). Compared to other
studies, the blank values shown here are higher, however, due to the difference in the

measurement of CO, vs. graphite, graphite samples usually achieve lower blank values.
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Further, our samples that are processed for the direct AMS measurement of CO2, not graphite,
are much smaller. Thus, the blank values are more sensitive to contamination in addition to
the higher blank value limitation (Tab. 2). The *C content of pure CO; produced from Ox-II (n
= 4) is close to that of the consensus value with a F**C of 1.331 + 0.012, while the injection of
carbon-free Nz gas resulted no quantifiable amount of C via AMS analysis. This indicates that
the system operates without quantifiable leakages. The results of the *C-enriched CO,, “C-
free CH4 and the C-free N2 injections further indicate that the sample handling, which includes
the sealing of gas in serum bottles and transfer of aliquots via syringes, does not introduce

severe amounts of contamination.

Estimating extraneous carbon

A first estimate of extraneous C, introduced during sample processing, calculated from the 1*C
data of standard CHs and CO., resulted an average of 0.33 = 0.12 pug C of “C-free
contamination and of 0.26 + 0.13 pg C of modern contamination. The amount of modern
contamination presented here is similar to the modern contamination reported for the oxidation
of **C-free CH4 in Pack et al. (2015), as well as Sparrow and Kessler (2017). Combined to a
single pool of extraneous carbon according to (4), we estimated that on average 0.58 + 0.18
ug C with a F**Cexr of 0.447 + 0.245 were introduced during sample processing, which is about
twice the amount of contamination assessed from the analysis of *C-free and modern material,
for CH,4 oxidation setup presented by Petrenko et al. (2008). Compared to our CO; vacuum
system, twice the amount of extraneous C is introduced with about half the *C content (mexr
= 0.30 *+ 0.08 ug C; F*Cexr = 0.93 + 0.23, Melchert et al., 2019). The pre-treatment for the
preparation of Ox-1I standards involved more steps compared to the preparation of “C-free
standards and unexpectedly both methods introduced the same amount of contamination. This
could either indicate, that during the extra steps of oxalic acid handling no more additional
contaminate has been added or that the size of the standards (10 ml Ox-ll:He mixture) is too
large to be a sensitive indicator for additional contamination. In contrast to our CO, vacuum
system study, we observed a fraction of #C-free contamination, which could have been
introduced by the butyl stoppers used to seal the serum bottles. After long storage times, Pack
et al. (2015) showed that the butyl stoppers introduce old CO; by outgassing, which was initially
reported by Gao et al. (2014).
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Table 2: Overview over blank values and quantified contamination of other studies compared to the data assessed
in this study as well as measured (S) and contamination corrected (R) *“C data from biogas analysis (own data are
mean values with propagated errors).

Author F14Cgead CH Mmodern F14C Mexy Ms
dead T4 [ug C] =T [ug C] [ug C]
This study
0.006 + 0.003 0.3+0.1 | 0.447+0.245 0.58+0.18 20 -50
Pack et al.
(2015) 0.0016 + 0.0003 0.4+0.2 - - >500
Garnett et
al. (2019) 0.0011 — 0.0016 19-38 - - >500
Palonen et N
al. (2017) 0.0006 + 0.0007* - - - 1000
Petrenko et
al. (2008) 0.0022 + 0.0004 - 0.236+0.162 0.23+0.16 | 130-190
Sparrow &
Kessler 0.0023 + 0.0007 0.24 - - 451 - 839
(2017)
Biogas |
Author F4C F14C Mms
° R [ug C]
This study 0.967 —1.001 0.978 — 1.010 20 - 50
;azggtfg) et ; 0.978 — 0.987* >500
zla'(ozr(‘)‘fl';) et ; 1.045 + 0.005* 1000

*1 background corrected for 0.004 + 0.001 F**C; *2 background corrected for 0.0017 F*C

However, the injection of pure N, gas from sealed serum bottles did not contain any C, which
either indicates that the outgassing of butyl only happens after longer storage or is below
detection limit of the pressure transducers at the oxidation system. Given that the presented
data set is limited, and the uncertainty associated with the **C content of the contamination is
large, the results are merely an estimate that nevertheless shows that the system is operating

with a reasonable quality and that sources of contamination are identifiable.

14C analysis of biogas

Near modern biogas was collected at a nearby biogas facility and used as a *C-enriched in-
house CH4 standard. Buyable CH4 gas is mostly produced from natural gas and oil residues
and is therefore “C-depleted. Alternatives, that are usable as a modern CH, standard are
therefore difficult to obtain. The sample sizes ranged from 20 to 50 pg C (n = 9) and resulted
a ¥C content in the range of 0.967 to 1.001 F**C (Tab. 1 and Tab. 2). The data demonstrate
that the *C analysis of the biogas gives reliable and reproducible results. Further, we observed

a small decrease in F*C with decreasing sample size. The estimation of extraneous carbon
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from the “C data of processed standards allows for the correction of our biogas data. After
correction the biogas *C content slightly increased, now ranging from 0.978 to 1.010 F*“C.
Because the presented data are the first tests with this biogas and the **C content of the biogas
changes, depending on the organic matter that was used for its production, we have no distinct

reference values (Palonen et al., 2017; Garnett et al., 2019).
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Figure 2: Results of **C AMS measurements for the biogas mixture, modern standard and “C-free standard as well
as the CH4:CO2 gas mixture.

However, other studies present results for the *C analysis of biogas that yielded data with a
comparable **C content (Tab. 2, Palonen et al., 2017; Garnett et al., 2019).

CHg4 oxidation efficiency and recovery
After the oxidation of pure *C-free CH,, about 94.4% of the CH4 was trapped as CO: in the

LN trap. The low **C content of the CH4:CO, gas mixture, which is in agreement with the *C
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content of the pure CH, standards, suggests that the separation of CO, from CH4 derived CO»
is sufficient. The CH4:CO; biogas mixture resulted an even higher recovery of 97.3% CHa-
derived CO; after the oxidation. A temporary installation of a second LN trap, as suggested by
various authors, did not increase the recovery efficiency, from which we deduced that our traps
work sufficiently (Petrenko et al., 2008; Pack et al., 2015; Sparrow and Kessler, 2017). There
are small uncertainties associated with the quantification of the oxidation efficiency, because
the sample extraction and subsequent injection with the syringe are performed manually, which
possibly leads to small losses of sample material during transfer which would decrease the
calculated recovery. Furthermore, differences in the oxidation efficiency, or recovery, are likely
linked to the type of catalyst and to the packing and compaction of the catalyst inside the
oxidation tube (Sparrow and Kessler, 2017). We decided to use CuO rods, because they are
easy to handle and cost efficient, moreover, they are already routinely used in our laboratory.
Pack et al. (2015) reported a very high oxidation efficiency of about 100% with CuO, while
Sparrow and Kessler (2017) exchanged CuO for platinized quartz wool to achieve consistently
high efficiencies. The quartz tube that we used to hold the CuO is rather loosely packed over
almost the entire length of about 30 cm and fixated on each side with quartz wool, which should

allow the gas to heat up properly and react with the catalyst without restricting gas flow.

The injection of pure CO; at different flow rates of synthetic air up to 80 ml min* gave no
changes in the amount of CO; trapped with LN. The decreasing recovery and precision of
samples with increasing flow rates has been assessed by Pack et al. (2015) and was improved
by installing an additional CO; trap. Achieved flow rates and the pressure inside the system
are highly dependent on the scale of the setup, i.e., length and diameter of the used capillaries
and components, therefore advise given on optimal setup conditions are, unfortunately, not
universally applicable. Decreasing recovery rates might occur at even higher flow rates in our
system, which are, however, omitted at our setup to keep the overall pressure inside the

system below 200 mbar as explained in the method section.

Conclusion
The first test series and estimations of contamination and error sources of a new CH4 to CO»

oxidation system was presented. *C-depleted CH4, **C-enriched CO; as well as the mixture
of both in addition to a near modern biogas CH4:CO. mixture was processed for AMS analysis
at CologneAMS. All samples were in the size range between 20 and 50 pg C. With the given
results from the standards, we estimated a dead and modern contamination of about 0.33 *
0.12 pg C and 0.26 + 0.13 pg C, respectively. In total 0.58 + 0.18 pg extraneous carbon with a
F4C of 0.447 + 0.245 are introduced during sample handling. While the large uncertainty

associated with the extraneous carbon is most likely caused by the small data set, the results
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show that the evaluated background is identifiable. Further tests are however required to

quantify background values and contamination pools more thoroughly.

The collection and analysis of near modern biogas resulted precise and reproducible results
(0.978 — 1.010 F*C) that we were able to correct for the previously estimated extraneous
carbon. The CH4 to CO; conversion rate of about 94 — 97% calculated from the C-free CH.
standard and biogas are satisfying. Even higher conversion rates, presented in recent studies
(99 — 100%), are likely linked to different types and packing of the oxidation catalyst inside the

furnace. Improvements might be achieved in future test runs.

With this study we demonstrate, that the “C analysis of CH4 derived CO; using the new
oxidation vacuum system is operational at CologneAMS. The current pre-treatment methods
and handling of a sample within 1h is time efficient, while the usage of CuO catalysts and
cryogenic traps instead of chemicals is quite cost efficient. Further tests, as well as the

processing of first field samples are planned in the near future.
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Synthesis and overall Discussion

Evaluation of sample size limits and exogenous carbon

This thesis provides new insights about the decomposability of recently thawed Yedoma
deposits in the Lena River Delta. These results were only possible after a critical evaluation of
the laboratory setup and a quantification of the sources of contamination. Very small samples
(2.5 - 50 ug C) are especially sensitive to the introduction of exogenous C. Contamination can
be added during sample handling, which includes the actual transfer and weighing of solid and
liquid material that is converted to CO, during sealed tube combustion, as well as the
processing of the CO; on a vacuum setup to prepare for AMS analysis. Therefore, utmost care
must be taken to keep the contamination with exogenous C patrticularly low. There are several
possibilities, by which contamination can be introduced, given by the different procedures to
prepare C for **C and *3C analysis (i.e., graphitization of bulk sediment, sampling and storage
of in-situ respired CO,, purification, and handling of CO; for GIS-AMS measurement). The
following section provides a summary of the findings and limitations of the analytical method

assessments and a summary of the results of the application of said methods.

The C analysis of CO, directly via the GIS-AMS is a key method in the presented studies
omitting the need for graphitization and allowing the analysis of very small samples down to
20 ug C. The evaluation of our pre-treatment procedures and the sample handling by running
several series of different standards revealed small amounts of contamination, mostly modern
exogenous carbon, that is likely introduced during weighing and sample transfer at the CO»
vacuum system (manuscript I). Our study revealed that there is a constant contamination of
about 0.30 + 0.08 ug C (0.93 + 0.23 F*C) added to a sample. Therefore, we recommend not
to analyze samples smaller than 20 pug C in order to obtain reliable results according to
accuracy and reliability. If less sample material is available, *C analysis down to a size of 2.5
Hg C can be performed but the associated uncertainty is large. We demonstrated that most
exogenous C is introduced during the pre-treatment and preparation for sealed tube
combustion of standard materials (Santos et al., 2010; Santos and Xu, 2017), which is
especially relevant for the measurement of small samples that are not gaseous. Thus, for CO»
samples the applied corrections based on standards produced by sealed tube combustion is

considered as a conservative approach.

The usage of MSCs enabled the collection of sufficiently large samples of in-situ respired CO
for 14C GIS-AMS analysis performed at CologneAMS as well as *3C analysis at the University
of Hamburg (manuscript II). A maximum amount of CO, corresponding to 2 mg C can be
collected per MSC, from which 50 pg C aliquots were processed for #C analysis. Processing

such a large amount of C further dilutes the small amount of contamination that is introduced
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with the vacuum system and the usage of the MSC. However, this is only possible if the
environmental conditions allow sampling of sufficient amounts of CO,. Sampling time and CO»
emissions are highly variable, depending on the sampling location and the overall temperature.
Long sampling intervals via respiration chambers may disturb the natural CO; gradient below
the surface (Conen and Smith, 2000) and there is a higher risk of intake of ambient air through
small leakages at the sampling equipment’s connections or through gaps and dry-cracks in the
sediment, which might contaminate the sample. The contamination assessment for the in-situ
collection of CO- performed by Wotte et al. (2017a) suggested that the majority of modern and
14C-free contamination of 2.0 and 3.0 ug C, respectively, is introduced by the usage of MSCs.
This demonstrates that most of the exogenous contamination is introduced by the MSC
sampling container itself, however, assuming an MSC is filled up completely during sampling,
the sum of the contamination makes up for only 0.25% of total C contained in one sample.
Furthermore, results of the in-situ *CO, analysis have been corrected for modern
contamination from atmospheric air, most probably introduced during sampling, which should
further diminish influence of exogenous C on F*C values (manuscript Il). For the incubation
experiments (manuscript 1) CO, was sealed in serum bottles. This sample gas is flushed with
He-gas via injection needles through the vacuum system. We found out that the main part of
the contamination comes from the vacuum system itself in addition to ambient air that is
probably introduced during handling of the injection needles. The risk for ambient air being
introduced is, however, minimized by first inserting the injection needles in an empty serum

bottle and flushing with He for 10 minutes through the system prior to handling of the sample.

There are first estimates for the contamination assessment for the new oxidation system that
has been designed for the oxidation of CH4 samples to CO,. They are based on a small data
set of different standards and showed a contamination of 0.58 pug C (manuscript ). This is
roughly twice the contamination that is introduced with the CO, vacuum system (manuscript
). We determined the endmembers of contamination, namely the values for *C-free and
modern (i.e., F**C close to atmospheric values), that were in the same range with about 0.3 +
0.1 pg C, respectively. The preparation of modern standards through sealed tube combustion
of oxalic acid requires more preparatory steps compared to the injection of 1“C-free gas directly
into the system, but the quantified contamination for both types of standards is the same. This
is indicating that either the amount of injected standard material was too large to be a sensitive
enough indicator of contamination or that the additional handling of the solid oxalic acid did not
introduce any significant additional amount of contamination. However, major sources of
contamination are the handling of the material and the sealed tube combustion procedure to
produce Ox-ll-derived CO,, as has been suggested by Santos et al. (2010) and Santos and

Xu (2017). Compared to other studies that presented a setup for the conversion of CHsto CO»
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for 1*C analysis, the contamination reported in manuscript Ill tends to be larger, however, these
other studies graphitized their samples and therefore rely on larger sample sizes. Although
natural CH4 concentrations can vary considerably (Palonen et al., 2017), the ability to directly
inject the CH4-derived CO on micro-scale sample sizes into the AMS is a significant advantage
and a requirement for the study of permafrost soils. Furthermore, the GIS-AMS analysis of
CHs-derived CO- gives the opportunity to handle anaerobic incubations of permafrost soils,
that have been shown to very slowly generate CH, emissions (Knoblauch et al., 2013). If
individual samples had to be graphitized first in order to analyze them, a major limiting factor
will be the accumulation of enough CH4 through the incubation experiment. It has been shown
that the most significant changes in GHG production occur during the initial period (weeks to
a few months), during which GIS-AMS analysis of micro-scale samples are in contrast to
graphitization possible (Dutta et al., 2006; Knoblauch et al., 2013; Schadel et al., 2014).

The C analysis of bulk OC and IC, that was required for the assessment of C sources
contributing to CO, emission (manuscript 1), was performed on graphitized sample material
and therefore was not subject to the contamination evaluated for the vacuum system and the
MSC. The recent evaluation of the graphitization procedure shows low blank values of 0.0025
+ 0.0007 F*C in the sample size range of 250 — 650 ug C (Rethemeyer et al., 2019). This
corresponds to 0.92 ug C of modern contamination, introduced by the graphitization procedure,
which is accounted for by correction through routine measurements of materials with known
14C content and which additionally should not negatively influence C results, given the large

sample sizes compared to the amount of contamination.

Limitations and future improvements of the actual systems
The possibility to measure the #C content of very small amounts of CO, and CH4 opens up
the possibility for analyses that have not been previously possible due to the size limitations
given by the graphitization. However, analyzing GHGs in the pg-range amplifies the influence
of contamination, which is a limiting factor for reliable results. The improvement of pre-
treatment methods and the handling of samples will most likely only lead to minor
improvements on the CO; vacuum system and therefore, the focus for future improvements
should be set on thorough quantification of the contamination that is introduced. This holds
especially true for the CH4 vacuum system, because the so far acquired data are limited and
the determined contamination should rather be considered as a first estimate. Additionally, the
workflow for the conversion of CH4 to CO> can possible be improved (e.g., the conversion
efficiency of the system, or testing of other catalysts). Other changes of the overall setup are
already planned and include the addition of a second furnace and further cryotraps in order to
remove carbon monoxide from the sample gas, which would otherwise be converted along
with CH, to CO2 and potentially mix carbon sources (Pack et al., 2015). These changes are
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necessary for the analysis of CHs samples directly collected from soils. However, the existing
system is designed to analyze CH. from incubation experiments where the sample gas is

supplied in high concentrations in sealed serum bottles.

Furthermore, the contamination that is introduced via MSCs is small relative to the amount of
C that can be potentially stored during sampling. This contamination is most likely introduced
via the sampling setup itself including the respiration chamber and gas analyzer attached via
several valves and tubes. Natural CH4 emissions have been shown to be variable (Natali et
al., 2015) and therefore the sampling time to collect sufficient amounts for *C analysis also
varies, which also gives exogenous carbon more time to enter the equipment and contaminate
the sample. Provided a method for CH, collection is developed similar to the CO. collection
method, changes in either the setup or the whole sampling routine have to be made for the
sampling of CH4 from permafrost soils. This can be achieved by either reducing the number of
connections that are potentially leaking or by including mobile traps that remove all unwanted
gases and excess moisture as best as possible.

Degradability of Yedoma OM

The careful assessment of the limitations of *C analysis demonstrated that the results from
20 — 50 pg C sized CO, samples are reliably possible. With the confirmation that the analytical
routine is functioning and that sources of errors are identifiable and thus being accounted for,
the application to real field measurements was enabled as the next logical step. The vast
permafrost areas of the northern hemisphere are able to potentially release large amounts of
OC as GHGs into the atmosphere. The Yedoma deposits of Beringia, that extent deep below
the active layer (Schaefer et al., 2014; Koven et al., 2015), are especially at risk for GHG
release and are considered as one of the potential climate tipping elements (Lenton, 2012;
Strauss et al., 2017). They are especially vulnerable to rapidly induced thaw by a warming
climate due to their high ice-content. The study and identification of the degradability of these
Yedoma deposits and the sources of released GHGs are essential for more concise climate
models predicting the future development of global warming (Schneider von Deimling et al.,
2015).

In the frame of this thesis an evaluation of sources contributing to overall CO, emissions was
carried out by applying a combined mass-balance approach from C and *3C isotopic analysis
of sediment and gas samples taken from an active retrogressive thaw slump on Kurungnakh
Island in the Lena River Delta (manuscript 1l). Freshly thawed Pleistocene-aged Yedoma
deposits have been exposed on the thaw slump through thermal erosion, overlain by intact
Holocene polygonal tundra, which is eroded down onto the thaw slump and mixes with the

Yedoma sediments. As a result, the thaw slump allowed the investigation of unique sites in
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close proximity of each other: the freshly thawed Yedoma, which is exposed as thaw mounds
(TM1, TM2), the intact Holocene polygonal tundra on top of the thaw slump (HT1), as well as
the slump floor (SF3) at which the Holocene soils and recent plant-derived OM mixes with melt
water and eroded Yedoma OM. It has been shown that, labile and young substrates are being
degraded first, and mostly ancient OM from Pleistocene-aged Yedoma sediments is released
as CO; upon thaw. More importantly, the data indicate that a significant amount of CO;
released from the thaw slump is derived from inorganic carbon sources, likely favoured by low
pH values and the presence of organic acids. These findings were substantially based on
micro-scale isotopic analysis of CO; (8*3C and *C). The application of **C and **C data in a
dual isotope mass-balance approach has been done for over a decade now, however, the
application in the context of assessing OM degradability from permafrost deposits is rather
new (Dorsett et al., 2011; Griffith et al., 2012; Pries et al., 2016) and made possible through
the development of methods to sample CO, from remote locations by using MSCs (Hardie et
al., 2005; Garnett and Murray, 2013; Wotte et al., 2017b).

Furthermore, the analysis of bulk sediment parameters including TOC and TIC contents, OC/N
ratios, as well as 83C, and *C, was used to assess the state of Yedoma OM degradation.
With continuous degradation of OM, TOC content, as well as OC/N ratios tend to decrease
whereas the 3*C values increase due to enrichment of 3C through microbial discrimination
(Schadel et al., 2014; Gentsch et al., 2015; Strauss et al., 2015). The bulk sediment data
obtained from TM1 and TM2 delivered comparable results to previous studies of Yedoma
deposits at Kurungnakh Island (Wetterich et al., 2008; Knoblauch et al., 2013). The analysis
of the bulk sediment (Tab S2, manuscript Il) shows that the thaw mounds TM1 and TM2 are
similar in composition, highlighted by OC and IC content. Compared to the uppermost interval
from the Holocene tundra, which mainly consists of plant material, OC/N ratios of TM1 and
TM2 are low. However, the OC/N ratios of the Holocene mineral soil below are much lower
compared to the recent organic cover on top and slightly higher compared to the thaw mounds,
which possibly suggests that the Yedoma OM is preserved rather well (Dutta et al., 2006;
Strauss et al., 2015) and comparable to the Holocene tundra regarding degradability. At the
slump floor site (SF3) where Pleistocene and Holocene sediments are mixed, OC as well as
IC contents are higher compared to the thaw mounds and the OC/N ratios are similar to those
of the mineral soils sampled at the Holocene tundra (HT1), indicating incorporation of younger

OM substrates into the sediment mixture.

The average radiocarbon content of the thaw mound sediments indicates that the outcropped
sediments likely belong to the upper Yedoma unit IV (Wetterich et al., 2008). The radiocarbon
content of the CO, released in-situ and during the laboratory incubation differ from the bulk

sediments at both Yedoma sites. The CO; collected from the TM2 incubation resulted a lower
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14C content compared to the in-situ collected CO, (after correction for atmospheric
contamination). The mass-balance approach (Tab. 3, manuscript Il) showed that mostly
ancient OM was released as CO, at TM2, whereas mostly young OM was released at the

slump floor SF3.

It can be deduced from the discrepancy between the elevated “C content of the emission
compared to the parent material that the most labile components of the OM are metabolized
initially, which also includes young OM. This is supported by the decrease in CO, production
rates over the course of the incubation experiment (Tab. S3, manuscript Il), as it indicates
ongoing depletion of labile, easily degradable OM (Knoblauch et al., 2013; Schadel et al.,
2014). However, this decrease in CO. production is observed for all sampling sites,
independent of the age of the parent material and therefore indicates that the ancient Yedoma

OM likewise contains labile components.

Further, the results of the mass-balance calculation indicate that during the in-situ
measurement, a larger fraction of CO, from young OM sources was collected with the MSCs
compared to the incubation experiment. The C content of the uppermost interval from the
TM2 bulk sediment is significantly higher (Tab. S1, manuscript Il) compared to the sediments
below, which is either caused by an onset of vegetation or via erosion from the Holocene tundra
above. The vegetation was removed prior to measurement, thus incorporation of young OM
through erosion is more likely. This possibly explains the difference in the average radiocarbon

age of the bulk sediment compared to the CO; collected during the field measurements.

Expectedly, the admixture of Holocene sediments with Yedoma at the slump floor resulted in
higher radiocarbon contents of the bulk sediment, corresponding to an average age of 2,680
years BP. In contrast, the results of the field measurement at the slump floor indicate that CO;
with a lower 1*C content compared to the incubation was released. The small offset between
the data can also be explained with the results of the mass-balance approach. At SF3, slightly
less young OM was degraded and released as CO, compared to the incubation experiment,
possibly through heterogeneity of the sampled sediments, as the differences are not strongly
pronounced. Due to the admixture of young OM with thawed Pleistocene-aged Yedoma OM
positive priming was expected to occur. The degradation of young OM has been previously
documented to stimulate the microbial degradation of ancient OM (Wild et al., 2016; Girkin et
al., 2018; Walz et al., 2018; Pegoraro et al., 2019) the absolute amounts of CO; released
during the incubation experiment could, however, not confirm priming to occur during the

experiment (Tab. S4, manuscript II).
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Limitations and future perspectives of the field study

The surveillance of the occurrence of positive priming during the field measurements is an
interesting aspect for future research. This would require a larger data set of CO- flux data.
With this additional data, the calculation of the absolute amounts of CO. released per
guantified OM pools for both sites would be enabled, and the comparison of the amounts of

released CO: during field measurements and incubation experiment would be possible.

The CO; fluxes in the field are measured with the same respiration chamber that is used to
collect the CO,. This method is very sensitive towards environmental conditions such as the
air and soil temperature (Dutta et al., 2006; Treat et al., 2015) on the day of the measurement,
as well as the wind strength and moisture of the sediment. Therefore, more measurements on
consecutive days are necessary to compensate for changing weather and temperature
conditions. Furthermore, a larger and more refined data set on in-situ CO; fluxes would allow
for a better comparison towards CO- production during incubation experiments and allow for
a proper upscaling. Improvements of the field equipment could include a more sophisticated
respiration chamber with built in sensors for temperature and moisture enabling more stable

and comparable data sets.

The potential annual release of C from deep permafrost could be estimated (Schuur et al.,
2009; Biasi et al., 2014) and linked to the results of the mass-balance approach, which would
give valuable information about the availability of freshly thawed Yedoma OM. However,
generalizations about the overall degradability and vulnerability of Yedoma based on data
generated from one locality are hardly possible (Walz et al., 2018). This is mainly due to
variations of the regional climate and depositional conditions (anaerobic wet vs. aerobic dry)
at the time of OM incorporation during the formation of the Yedoma deposits. Thus, data
regarding the OM decomposability should be interpreted against the paleoenvironmental
background of the study region (Walz et al., 2018). Recently, efforts have been undertaken to
establish global databases in which incubation (Schadel et al., 2020) as well as soil respiration
data sets (Bond-Lamberty et al., 2020) are collected. This possibly opens opportunities for
future studies under similar experimental conditions and therefore making datasets accessible
for comparison. With the data being easier accessible, interpretation of cross-regional Yedoma

OM degradability might become possible.

The findings gained by applying a dual carbon isotope mass-balance approach are promising.
It enables the identification of individual C sources and quantification of their respective
contribution to GHG emissions, which, in turn, opens further possibilities for the development
of better constrained climate models and improvement of the overall understanding of OM

degradability. Modelling the contribution of C sources to soil respiration and GHG fluxes further
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improves current C budgeting approaches, as indicated by the finding of an IC pool contributing

to CO. release from Yedoma deposits (manuscript I1).

In manuscript 11, the analysis of *C and *C from inorganic carbon suggested that a fraction of
that inorganic carbon is younger and isotopically lighter than expected. This inorganic carbon
pool potentially formed pedogenically by using up CO; released from microbial degradation of
Yedoma OM (Zolkos et al., 2018). As a result, a later release of CO; from said pedogenic
carbonate would ultimately not alter a CO. budget. However, these estimates are strongly
limited by the constraints made to the mass-balance approach and the quality of the data used
to model. To prove the hypothesis of pedogenic carbonates contributing to CO, emissions,
refined and additional data are required. Thus, the mass-balance approach could be improved
by including a fourth carbon source to distinguish between lithogenic and pedogenic
carbonates. This, in return, requires reliable information about the isotopic composition of
lithogenic and pedogenic carbonates to properly constrain the calculation: The difference in
d'3C values between lithogenic and pedogenic carbonates should be distinct, enabled by the
consumption of microbially respired, 3*C-light CO, to form pedogenic carbonate versus the
d'3C-heavier lithogenic carbonate (see discussion, manuscript I1). However, the set-up models
from mass-balance approaches need to be critically evaluated and not taken at face value
immediately. Comparisons of three-pool and four-pool approaches should indicate similar
inorganic fractions between both models. The sum of lithogenic and pedogenic IC, calculated
from the four-pool model should equal the IC pool, calculated from the three-pool model. If this
was not the case, the chosen endmembers for each carbon source need to be reconsidered.
Furthermore, information about the mineral composition (Schirrmeister et al., 2020) and
fractions of sediment could improve knowledge about regional sedimentary mechanisms that
led to Yedoma formation and enable more sophisticated estimates about an inorganic carbon
stock. The analysis of DOC as well as DIC might answer from where organic acids possibly
accumulated, favoring dissolution of carbonate minerals, as well as show if significant amounts

of inorganic carbon were mobilized in watery solutions (Drake et al., 2015, 2018).

Conclusion
Following the discussion of main findings presented in the manuscripts included in this thesis,

the following key findings can be summarized:

e The evaluation of pre-treatment methods for micro-scale AMS analysis showed that
0.30 + 0.08 ug of exogenous C (F**C = 0.93 + 0.23; 0.28 ug modern C, 0.02 ug fossil
C) are introduced during sample treatment, enabling reliable measurements down to

sample sizes of 20 ug C.
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o Ciritically evaluating and refining sampling and analysis methods is crucial for a
meaningful application to field studies.

e The GIS-AMS analysis of CO; collected from Yedoma sediments on an active
retrogressive thaw slump demonstrated that ancient OC is the dominant source of CO-
emission, while the admixture with younger organic substrates did not cause positive
priming, it led to the preferential mineralization of young OC.

e A significant fraction of the released CO; originates from IC, that possibly formed
pedogenically which would not necessarily alter C budgets.

e The results of AMS analysis of CO; collected from a 1.5-year aerobic incubation of
Yedoma sediments suggests a rather rapid depletion of labile OM pools that lead to
decreased CO; production rates after initial thaw. Future CO, emissions are estimated
to contain more IC-derived COs.

o First tests of the new vacuum system for the GIS-AMS analysis of CH4 showed that
0.58 + 0.18 g of extraneous C (F*C of 0.447 + 0.245; 0.26 + 0.13 ug modern, 0.33 +
0.12 ug fossil C) are introduced during sample treatment.

¢ Blank values achieved with the new system of 0.006 + 0.003 F**C are similar to blank
values achieved with the CO; vacuum system.

e Multiple series of CH4 standard and CH,4 biogas injections demonstrate a CH4 to CO;
conversion efficiency of 94 — 97%.

e The quantification of sources of exogenous C indicates that correction of CH4 data is
possible, more data for further investigations are, however, required.

e Provided additional data show similar or even better results, the new CH4 vacuum
system is ready for the analysis of first CHs samples collected from anaerobic

incubation of Yedoma sediments.
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