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Permafrost soils, which store almost half of the global belowground organic carbon (OC),
are susceptible to thaw upon climate warming. On the Peel Plateau of northwestern
Canada, the number and size of retrogressive thaw slumps (RTS) has increased in
recent decades due to rising temperatures and higher precipitation. These RTS features
caused by the rapid thaw of ice-rich permafrost release organic matter dominantly as
particulate organic carbon (POC) to the stream network. In this study, we sampled
POC and streambank sediments along a fluvial transect (~12 km) downstream from
two RTS features and assessed the composition and degradation status of the
mobilized permafrost OC. We found that RTS features add old, Pleistocene-aged
permafrost POC to the stream system that is traceable kilometers downstream. The
POC released consists mainly of recalcitrant compounds that persists within stream
networks, whereas labile compounds originate from the active layer and appear to
largely degrade within the scar zone of the RTS feature. Thermokarst on the Peel Plateau
is likely to intensify in the future, but our data suggest that most of the permafrost
OC released is not readily degradable within the stream system and thus may have
little potential for atmospheric evasion. Possibilities for the recalcitrant OC to degrade
over decadal to millennial time scales while being transported via larger river networks,
and within the marine environment, do however, still exist. These findings add to our
understanding of the vulnerable Arctic landscapes and how they may interact with the
global climate.

Keywords: Arctic, climate, carbon, lipid biomarkers, Peel Plateau, permafrost, pyrolysis-GCMS, degradation

INTRODUCTION

Air temperatures in the Arctic have been rising twice as fast as the global average during the last
decades (IPCC, 2013). Permafrost (i.e., perennially frozen ground) underlain soils in the northern
circumpolar region store 1,300 = 200 Pg of organic carbon (OC), about twice the amount of carbon
currently present in the atmosphere (Hugelius et al., 2014; Schuur et al,, 2015). The accelerated
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thaw of permafrost, releases OC that has been sequestered over
the Last Glacial period to the active carbon cycle (Strauss et al.,
2017; Biskaborn et al., 2019). The possible re-mineralization of
permafrost OC and release to the atmosphere as greenhouse gases
may enhance warming of the climate (Zimov et al., 2006; Schuur
et al., 2015; Meredith et al., 2019).

Aside from gradual permafrost thaw that establishes itself
through an increase in active layer thaw depth, abruptly thawing
permafrost sites at locations with high ground-ice content
are becoming more common (Segal et al.,, 2016; Farquharson
et al,, 2019). These thermokarst features (e.g., retrogressive thaw
slumps, eroding coastlines) form through rapid degradation of
ice-rich permafrost (Vonk et al.,, 2012; Kokelj and Jorgenson,
2013; Schuur et al., 2015). Estimates suggest that thermokarst-
susceptible landscapes hold about half of the total OC pool of the
Arctic, while only covering 20% of the Arctic permafrost region
(Olefeldt et al., 2016; Turetsky et al., 2020).

In the Canadian Arctic, the occurrence of thermokarst features
is particularly high in ice-marginal terrain deposited by the
Laurentide Ice Sheet (LIS) that covered the landscape during the
Last Glacial period (Kokelj et al., 2017b). In one of these ice-
marginal regions, Banks Island, the number of new retrogressive
thaw slump (RTS) features increased 60-fold between 1984
and 2015 (Lewkowicz and Way, 2019). On the Peel Plateau,
another ice-marginal glaciated landscape (Kokelj et al., 2017b),
abruptly thawing RTS features have increased in size and number
in the past decades due to rising temperatures and increased
precipitation (Kokelj et al., 2015; Segal et al., 2016). Retreat rates
for RTS headwalls varied from 7.2 to 26.7 m yr~! (on a 20-
year average) between 1990 and 2010, but were as high as 60 m
yr=! for some RTS features (Lacelle et al., 2015). Intensifying
thermokarst increases the thickness and diversity of permafrost
material types thawed (Kokelj et al., 2020, in review), and the
hydrochemical effects of these types of abrupt thaw events are
known to cascade across entire watersheds (Kokelj et al., 2017b,
2020 in review; Vonk et al., 2015a).

Streams affected by RTS features and active layer detachment
slides increase slope sediment yields by orders of magnitude
(Kokelj et al., 2013; Rudy et al., 2017; Shakil et al., 2020). Based
on yearly (2016-2017) volume loss from headwall retreat of two
of the larger RTS features on the Peel Plateau, in the Stony Creek
watershed (FM2 and FM3), their combined sediment yields were
estimated to be 0.9 x 10° m® km? yr~! (van der Sluijs et al,
2018; Shakil et al., 2020). The high amounts of sediment and
OC released from RTS features feed into headwater catchments,
potentially affecting entire watersheds (Kokelj et al., 2013, 2017b,
2020 in review).

There are still large uncertainties in the current knowledge
on the characteristics of POC and its decomposability, especially
in ice-rich glacigenic terrain where climate history, paleoecology
and parent materials may vary (Shakil et al., 2020). Here, we
address these knowledge gaps by characterizing the composition
and degradation status of POC released from two active RTS
sites (FM3 and FM2) over a 12 km-long downstream transect.
Along the transect and within the RTS features feeding it,
we quantify concentrations of POC, dissolved organic carbon
(DOC) and recently deposited sedimentary OC, and use carbon

isotopes (3'3C and A'%C) as diagnostic tools to characterize
OC composition. Furthermore, we couple POC and sedimentary
OC to the physical properties of the released sediment using
grain size distributions and mineral-specific surface area analyses.
To trace sources of water along the transect, we use stable
water isotopes (8'80 and $*H). Additionally, we employ lipid
biomarkers (n-alkanes and n-alkanoic acids) and pyrolysis-gas
chromatography-mass spectrometry (py-GCMS) to characterize
composition of particulate organic matter on a (macro)molecular
level, and assess the degradation status of organic matter on the
Peel Plateau. This level of compositional analysis of particulate
organic matter released from RTS features has so far not been
applied, and helps to discern the possible climate impacts of
downstream transport of particulate organic matter. As glacially
conditioned permafrost landscapes, such as the Peel Plateau, are
amongst the most climate sensitive environments on the planet,
it is crucial to understand the vulnerability of the mobilized
OC, and how readily it may re-mineralize to the atmosphere as
greenhouse gases.

MATERIALS AND METHODS
Study Area

The Peel Plateau is located in the Northwest Territories of Canada
and covers an area of 24,000 km? (Kokelj et al., 2017a; Figure 1).
It is characterized by tundra at the higher elevations in the
west and by spruce forests, dominated by black spruce, alder,
willow and dwarf birch in the understory, in valleys and lower
elevations in the east (O’Neill et al., 2015). Based on historical
data from 1981 to 2010, average daily temperatures during the
summer months (June-August) range between 11.8 and 15.2°C
(measured at the closest weather station at Fort McPherson),
while daily average for the coldest month (January) is —31.1°C
(Environment Canada, 2019). For the same time period, average
annual precipitation is 298 mm of which 152.5 mm falls as snow
(Environment Canada, 2019). Precipitation is increasing in the
area and is contributing to greater development and activity of
retrogressive thaw slumps (Kokelj et al., 2015). The study area
was covered by the LIS during the Last Glacial period (ca. 18,500-
15,000 yr BP, Zazula et al., 2009; Lacelle et al., 2013), and the
landscape is comprised mostly of tills, glaciofluvial, lacustrine
and colluvial deposits consisting of clay, silt, sand and coarser
materials (Duk-Rodkin and Hughes, 1992; Dyke et al., 2002).
The area is underlain by ice-rich (~50% by volume),
Pleistocene-aged permafrost (Lacelle et al., 2013). This glacially
conditioned landscape with high ice content permafrost in
combination with a fluvially incised topography, has produced
a terrain that is highly susceptible to the development of RTS
features (Kokelj et al., 2017b). These features develop by ablation
of ground ice, destabilizing permafrost slopes and mobilizing
previously frozen materials downslope, making sediment and
soluble materials available for transport by surface runoff and
streams. The RTS features are often polycyclic regarding their
thaw activity: rapid melt of ground ice and slump development
is followed by a stabilization phase when thawed materials
accumulate on the slope, preserving ice underneath. Slumping is
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Arctic
Ocean

— Stony Creek watershed

FIGURE 1 | Map of the sampling area on the Peel Plateau in the Northwest Territories, Canada. Transect is marked with a turquoise line. Locations of the
retrogressive thaw slumps (RTS) FM3 (W135.27541, N67.25524) and FM2 (W135.22885, N67.25665), as well as Stony Creek outlet (S1; W134.92104, N67.38822)
and Peel River sampling points (P1; W134.873, N67.338) are shown. See Supplementary Table 1 for transect coordinates. Map is based on Landsat 4-5 images
(US Geological Survey) and Arctic DEM (Porter et al., 2018), and delineations on Zolkos et al. (2018).

Fort McPherson Transect

often rejuvenated when physical or thermal erosion destabilizes
the vegetated scar zone (Kokelj et al., 2015; Lacelle et al., 2019).
They can remain active for decades and continue to deliver large
amounts of sediment and associated carbon to stream and river
networks downstream (Kokelj et al., 2013). The Peel Plateau
has several mega RTS features which are characterized by deep
headwalls (up to 25 m), large thaw-impacted areas (>5 ha)
and long debris tongue deposits that link thawing slopes with
downstream environments (Kokelj et al., 2013, 2015, 2020 in
review). Soil and permafrost stratigraphy in the region consists
of three distinctive layers: (1) A lower unit of Pleistocene-aged,
ice- and mineral-rich sediments, that did not previously thaw
(Lacelle et al., 2019); (2) A middle unit 1 to 3 m in thickness
of relatively organic-rich substrate compared to the underlying
ice-rich tills which was thawed during a warm period in the
early Holocene (Lacelle et al., 2019); (3) A modern active layer.
These headwall characteristics have been previously described
more in detail in Lacelle et al. (2013, 2019) and Malone et al.
(2013). Unlike from abrupt thaw sites in Siberia and Alaska
(e.g., Abbott et al., 2015; Mann et al., 2015; Vonk et al., 2015b;
Textor et al., 2019), DOC release from RTS features on the Peel
Plateau is not significantly higher, and in places even lower,
than that in unimpacted streams (i.e., in streams not influenced

by RTS features) (Littlefair et al., 2017). Yet, DOC has been
shown to be highly biolabile (Littlefair et al., 2017; Littlefair and
Tank, 2018). Release of POC from RTS features is orders of
magnitude higher than that of DOC, and it differs in its bulk
geochemical composition relative to DOC (Shakil et al., 2020),
but molecular composition or degradability of this carbon pool is
largely unknown.

In this study, we collected samples along a spatial transect
(~12 km) that followed flow paths of POC released from
two mega RTS features (FM3, headwall height up to 10 m,
and FM2, approximate headwall height of 25 m; Kokelj et al.,
2015). The transect begins at the RTS feature FM3 in the
Dempster Creek (tributary of the Stony Creek) and continues
to the Stony Creek with additional sampling points in the
Stony Creek outlet and in the Peel River (Figure 2). Though
the Peel River sampling point (P1) is slightly upstream of the
Stony Creek outlet, it still integrates slumping signals from
Peel Plateau watersheds south of the Stony Creek watershed
(e.g., the Vittrekwa watershed). The catchment upstream of
RTS feature FM3 drains tall shrub tundra, and then largely
forested terrain (especially in the valleys) downstream of FM3
(O’Neill et al.,, 2015). Catchments upstream of sampling sites
T11 and T12 drain mainly tundra. Two stabilized, inactive
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FIGURE 2 | Schematic illustration of the study area with sampling locations within retrogressive thaw slump (RTS) FM3 and along the ~12 km transect on the Peel
Plateau. Approximate distances are shown with arrows (illustration not to scale). The study area is characterized by tundra at the higher elevations in the west and by
spruce forests in the valleys and lower elevations in the east (O’Neill et al., 2015). The ice-rich permafrost and fluvially incised topography make the area vulnerable
for thermokarst such as RTS (slump) features FM3 and FM2. These thermokarst features affect the stream network by delivering large amounts of sediments
exceeding the carrying capacity of the streams. All the pictures by the author unless indicated otherwise.

K Peel River

Sample description:
o Sampling point
T1-12 Transect

AL Active layer (n=2 5
PF  Holocené permafrost |2
debrisHeadwall debris 5
SZ  Scar zone (n=3) )

N1-2 Non-slump impacted stream
B1  Slump FM2 inflow

S1  Stony Creek

P1 Peel River

*. Flow direction

¥  Dry stream

> Mud field

RTS features, FM4 and an unnamed thaw slump, here termed
“Stabilized thaw slump” (Figure 2), are located along the transect
(Malone et al., 2013). While they are stabilized, erosion of their
vegetated debris tongues may still deliver thawed permafrost
material into the stream, similar to debris tongues of FM2
and FM3. Furthermore, several unimpacted streams join the
transect. See Supplementary Table 1 for exact coordinates of the
sampling locations.

Sampling

All samples were collected in July-August 2017. Water samples
(around 1 L per location) were collected at each transect point
(Figure 2, T1-T12, starting at the outflow of RTS feature
FM3), and filtered within 24-48 h through pre-combusted
glass-fiber filters (GF/F, Whatman, pore size 0.7 pm) for
DOC and POC analyses (bulk elemental and lipid biomarkers)
and polyethersulfone membrane filters (PES, Pall Corporation,
pore size 0.45 pwm) for mineral-specific surface area and py-
GCMS analyses. We also collected samples for stable water
isotopes (8'80 and $2H) which were filtered and stored cool
(+5°C) without headspace. All filters (POC samples) were

kept frozen and filtrates (DOC samples) were acidified to
pH 2 with high purity 37% HCI, and kept at +5°C in
the dark. To understand source materials for the transect,
we collected Holocene permafrost and active layer samples
from the headwall of FM3, newly thawed debris beneath the
slump headwall (headwall debris) from RTS feature FM3,
and sediments and suspended particulate matter (SPM) from
the outflow and scar zone of RTS features FM3 and FM2
(Figure 2). The SPM from the FM3 scar zone was collected
from a mud pool, while for FM2 it was sampled from the
rill channels crossing the scar zone. The headwall (active layer,
Holocene permafrost and headwall debris) sediment samples
from FM3 and sediment samples Bl and T1 are previously
reported in Broder et al. (2021). Fresh sediment deposits
were collected with a stainless-steel spoon from stream/river
banks at transect locations and scar zones, and were frozen
shortly after their collection. The scar zone sediments are likely
recently deposited, whereas the sediments collected from the
streambanks may be older, yet we collected these samples
as close to the stream as possible to ensure them to be
recently transported.
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Stable Water Isotopes

We measured stable isotopes of oxygen and hydrogen in water
(880 and §2H) along the transect to characterize hydrologic
inputs and associated hydrochemical effects from tributary
streams. The samples were analyzed with a Picarro Inc L2140-
i Wavelength-scanning cavity ring-down spectrometer. Three
in-house standards were run before and after a sequence
of 10 samples. All the in-house standards were calibrated
against international standards VSLAP and VSMOW (from
IAEA). The fourth in-house standard, KONA (calibrated against
VSLAP and VSMOW), was used to control the precision
and accuracy of the measurements (SD < 0.1%o for $'80
and <2%o for §?H). The samples were run in replicates of
seven, of which the first three were discarded. The isotope
analysis was carried out at the Stable Isotope Laboratory of
the Department of Earth Sciences at the Vrije Universiteit
Amsterdam, Netherlands.

Mineral-Specific Surface Area Analysis

For mineral-specific surface area (SA) analysis, 0.7-1.0 g of
sediment or SPM were subsampled, combusted (at 350°C
for 12 h) to remove all organic material and, directly prior
to analysis, degassed with N, in a vacuum while heated to
300°C for 3 h. The pre-processed samples were analyzed
on a Nova 4200e Surface Area Analyzer with Quantachrome
software using 5-point BET measurements. The reference
material BAM-PM-102 (5.41 =+ 0.04 m? g’l) and Quantachrome
Instruments Surface Area Reference Material for multi-point
BET (27.46 + 3.6 m? g_l) were used to monitor the instrument
performance. All surface area data are reported as m? g~ !. The
SA analysis was carried out at the Organic Matter Laboratory
of the Department of Earth Sciences at the Vrije Universiteit
Amsterdam, Netherlands.

Grain Size Analysis

About 1 g of freeze-dried sediment was subsampled and treated
with 5 ml of H,O, together with distilled water to remove all
fine organic matter. An additional 5 ml of H,O, was added
until complete oxidation, and the sample was boiled. To remove
larger organic particles, each sample was filtered and treated
again with 5 ml of H,O, and boiled to remove excess water
from the filtration process. To remove all calcium carbonates
(CaCOs3) the samples were treated with 5 ml of HCl and
boiled with 100 ml of water, after which 800 ml of water was
added and the sample was let to settle overnight. To break all
the charged bonds between clay particles, sodium phosphate
(NagP,0; 10H,0) was added to each sample with distilled water
and boiled. The pre-treated samples were filtered (pore size
1 mm) and analyzed on a Helos/KR laser diffraction particle size
and particle size distribution analyzer (Sympatec, GmbH) with
a Quixel dispersing system (Sympatec, GmbH) at the Sediment
Laboratory of the Department of Earth Sciences at the Vrije
Universiteit Amsterdam, Netherlands. All the grain size data are
reported as median grain size (jLm) or as percentages of different
grain size classes. The grain size classes are clay (<8 pwm), silt
(8-63 wm), and sand (63-1000 . m).

Total Suspended Solids, Bulk Organic
Carbon and Carbon Isotope (3'3C, A14C)

Analyses

Prior to analyses, all the sediment and SPM samples were freeze-
dried. Pre-weighed GF/F were used for bulk organic matter
parameters (POC, TN, 813C, and A*C), and to derive total
suspended solids (TSS). The concentration of TSS (mg L™!)
was calculated by the difference in filter weight before and after
filtration which was divided by the volume of water filtered (L).

For the analyses of bulk parameters, total organic carbon
content (TOC), stable carbon isotopes (3'3C) and total nitrogen
(TN), sediments were homogenized and subsamples (10-20 mg)
were placed into silver capsules. The filters were subsampled by
punching approximately 18% of the filter area and put into silver
capsules/boats. Both sediment and filter samples were treated
by fumigation over concentrated, high purity HCI (37%, 60°C,
and 72 h) to remove all inorganic carbon. After fumigation,
samples were heated in the presence of NaOH pellets (60°C
and a minimum of 48 h) to neutralize any excess acid. The
samples were subsequently wrapped in tin capsules. Sediments
were sent to the National Research Council, Institute of Polar
Sciences in Bologna, Italy and filters to the Stable Isotope Facility
(SIF) of the University of California Davis, United States. At
the SIF facility, the filters were analyzed for TOC, 3'*C and
TN with an Elementar Vario EL Cube or Micro Cube elemental
analyzer (Elementar Analysensysteme GmbH, Hanau, Germany)
interfaced to PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, United Kingdom) or Isoprime VisION
IRMS (Elementar UK Ltd., Cheadle, United Kingdom). In
Bologna, the sediment samples were analyzed using a Thermo
Fisher Elemental Analyzer (FLASH 2000 CHNS/O) coupled with
a Thermo Finnigan Delta plus isotope ratio mass spectrometer
(IRMS) for TOC (wt.%), TN (wt.%) and 8'°C. The VPDB (Vienna
Pee Dee Belemnite) was used as a reference standard for § 13C.

The DOC samples were analyzed for carbon concentration
and 8°C at the Institute for Biodiversity and Ecosystem
Dynamics, University of Amsterdam, Netherlands. The samples
were measured with an ISO-TOC cube (Elementar GmbH,
Langenselbold, Germany) and Isoprime100 (Elementar UK Ltd.,
Manchester, United Kingdom) repeatedly (five times) of which
the first two were discarded to avoid carry-over effects from
previous samples. Blanks (ultrapure deionized water acidified
to pH 1.9 with 37% HCl) and standards (caffeine > 99%
anhydrous, Sigma Aldrich) were run at the beginning and end
of each sample sequence. The VPDB was used as an international
reference standard for 8!'3C along with TAEA-600, caffeine (}3C)
and IAEA-CHS6, sucrose (13C). Standard deviation of the DOC
measurements was 0.2 mg L~! and for §'C 0.2%.

For radiocarbon (*C) analysis, filters and sediments (25-
35 mg) were subsampled and acid-fumigated as described
above. Measurements were performed using a coupled elemental
analyzer-accelerator mass spectrometer (EA-AMS) system; the
EA used was a vario MICRO cube (Elementar) and the AMS
a Mini Carbon Dating System MICADAS (Ionplus, Dietikon,
Switzerland) (Synal et al., 2007). The filter samples were blank
corrected for constant contamination using a MATLAB code
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described in Haghipour et al. (2019). Blank filters were spiked
with “radiocarbon dead” and modern reference material in
order to monitor and correct for potential contamination
during sample processing. For the sediment samples and
blank-corrected filters measurement uncertainty is reported in
percentages. The analyses were carried out at the Laboratory of
Ion Beam Physics at the Swiss Federal Institute of Technology
(ETH) in Ziirich, Switzerland.

Pyrolysis-Gas Chromatography-Mass
Spectrometry (py-GCMS)

For macromolecular analyses, samples were analyzed with a
py-GCMS. Solvent-extracted and non-extracted subsamples (10—
15 mg) of sediment/SPM were placed into a clean fire-polished
quartz tube and pyrolyzed at 700°C for 15 to 20 s in a helium flow.
The resulting material was transferred via a heated transfer line to
an Agilent 7980A GC fitted with an Agilent HP-5 column coupled
to an Agilent 5975 MSD single quadrupole mass spectrometer
operated in electron ionization (EI) mode with a scanning range
of m/z 50 to 650 at 2.7 scans s~ and ionization energy of 70 eV.
The pyrolysis transfer line and rotor oven temperatures were set
at 325°C, the heated GC interface at 280°C, the EI source at
230°C and the MS quadrupole at 150°C. Helium was used as
the carrier gas, and the samples were introduced in split mode
with a split ratio of 20:1 (or 10:1 for samples containing less
organic material) and a constant flow of 20 mL min~!. The GC
oven was programmed from 40°C (held for 5 min) to 250°C at
4°C min~!, then gradually (20°C min~!) heated to 300°C and
held at this temperature for one minute. Blanks (empty quartz
tubes) were run after every sample to avoid any material carrying
over to the following samples. The analysis was carried out at
the Department of Earth and Environmental Sciences at the
University of Manchester, United Kingdom.

The acquired ion chromatograms were integrated with MSD
Chemstation Data Analysis software (Agilent 2008, version
G1701EA E.02.00). Compounds were identified by comparison
of relative retention times and spectra to those reported
in the NIST library. Given the complexity of the GCMS
chromatograms, it was not possible to integrate individual
compounds in total ion current mode due to significant
overlap between ion peaks. A similar approach, using single
ion filtering, was adopted as described in Sparkes et al. (2016).
The five compound groups targeted were aromatics (toluene,
ethylbenzene, and naphthalene), polysaccharides (3-furaldehyde,
furfural, and 5-methylfurfural), lignin markers (guaiacol, creosol,
and 4-ethylguaiacol), phenols (phenol, 2-methylphenol, 3-
methylphenol, and 4-methylphenol), N-containing compounds
(pyridine, 2-methylpyridine, and benzonitrile) and alkanes
(carbon chain lengths C9-14). The results are given as relative
amounts of the compound group to all identified compound
groups in each sample, not as absolute amounts.

Biomarkers: n-Alkanes and n-Alkanoic
Acids

High molecular weight n-alkanes (carbon chain lengths C27-
33, HMW(y7.33) and n-alkanoic acids (carbon chain lengths

C24-32, HMW (24.32), originating from the wax layer of leaves,
are common biomarkers for terrestrial vascular plants (Eglinton
and Hamilton, 1967a,b). We used these biomarkers to assess
degradation of organic matter (e.g., van Dongen et al., 2008;
Broder et al, 2016a). The common degradation proxies are
HMW acid-to-alkane ratio and carbon preference indices, CPI
(see the CPI formula in the Supplementary Material), the
latter being a ratio of odd to even-numbered n-alkanes and
even to odd-numbered #n-alkanoic acids, respectively (Bray and
Evans, 1961). High HMW acid-to-alkane ratios and high CPI
values generally indicate fresh, less degraded material and low
ratios point toward further degradation and maturity. Index
values, however, vary among different vegetation types (Eglinton
and Hamilton, 1967b). Additionally, we used the ratio of
even low molecular weight (LMW) n-alkanes (C16, C18, and
C20) and odd HMW n-alkanes (C27, C29, and C30) as a
proxy for microbial degradation (Grimalt and Albaigés, 1987).
High even-LMW-to-odd-HMW n-alkane ratios indicate high
microbial degradation.

Lipid biomarkers (n-alkanes and n-alkanoic acids) were
extracted with a microwave-assisted extraction method as
described in Freymond et al. (2017). The freeze-dried sediments
(~3 g) and GF/F filters were extracted twice using DCM-
MeOH (9:1, v:v) with a MARS 6 (CEM GmbH, Kamp-Lintfort,
Germany) microwave at 100°C for 15 min with a 5 min heating
ramp. The extracts were saponified by adding 10 ml of KOH
in MeOH and heated at 70°C for 2 h. After adding 5 ml
of MilliQ water with NaCl, a neutral fraction was separated
by back-extracting with hexane. The remaining extracts were
acidified to pH 2 with HCl (37%), and acid fractions were
separated by back-extracting with hexane-DCM (4:1, v:v). The
neutral fractions were further separated into apolar and polar
fractions with column-chromatography (5% deactivated SiO;
column) using hexane-DCM (9:1, v:v) for apolar (n-alkanes)
and DCM-MeOH for polar (glycerol dialkyl glycerol tetraethers,
GDGTs) fractions (GDGTs are not reported in this study). The
acid fractions were treated with 1 ml of BF3-MeOH, heated
on a hot plate for 30 min at 80°C to convert acids to their
corresponding methyl esters, and subsequently back-extracted
with DCM. For a part of the samples, the acid fractions were
additionally cleaned over a SiO; column (5% deactivated with
NaSOj4 on top) by eluting first with hexane, followed by hexane-
DCM (4:1, viv) and DCM. The hexane-DCM fraction was
collected for further analysis. The apolar and acid fractions
were analyzed using gas chromatography-mass spectrometry
(GCMS; Agilent) at the National Research Council, Institute of
Polar Sciences in Bologna, Italy, with a capillary column DB-5
(30 m x 250 pm x 0.25 pm; SGE) at an initial temperature
of 60°C followed by a ramp of 4°C min~! to the maximum
temperature of 300°C, and held at this temperature for 15 min.
Commercially available standards (C8-C40 n-alkanes and even
chain-lengths between C22 and C30 FAMEs, Sigma Aldrich)
were analyzed daily before running samples. The compounds
were identified by comparing retention times and mass spectra
of reference standards. The obtained ion chromatograms were
integrated using MSD Chemstation Data Analysis software
(Agilent 2008, version G1701EA E.02.00). Blanks were run
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with each extraction batch, and they were subtracted from the
sample concentrations. The concentrations were normalized to
the mineral-specific surface area or OC content, and are reported
aspgm 2oraspgg ! OC.

RESULTS

In this study, the term “within slump” refers to the following
components of the RTS feature: headwall (active layer, Holocene
permafrost and headwall debris), scar zone sediments and scar
zone (i.e., rill water or mud pool) particulate organic matter.
Sediments within thaw slump component for multiple RTS
features on the Peel Plateau are described in Broder et al. (2021),
while the focus of this study is on suspended particulate matter.

Stable Water Isotopes

The outflow from RTS feature FM3 (beginning of the transect)
was characterized by a relatively depleted water isotope (3'20)
signal, ranging from —24 to —25.5%¢ (Figure 3A). These
values were comparable to the Holocene permafrost pore
water/ground ice value of —24.8%o, previously reported by
Broder et al. (2021). On the scar zone, $'80 signal was
—21.8%0 in a mud pool, while in the unimpacted streams
the values were around —20%c (Supplementary Table 2).
From T7 onward (where water is received from the broader
Stony Creek catchment), the 3'30 signal stayed relatively stable
around —20.0%o.

Total Suspended Solids, Mineral-Specific

Surface Area, and Grain Size

The RTS features FM3 and FM2 (inflow to the transect) both
released several orders of magnitude higher amounts of TSS
than unimpacted streams (Figure 3A; see also Kokelj et al,
2013; Shakil et al, 2020). For RTS feature FM3, TSS was
about 32,000 mg L~! at the outflow from the thaw slump (at
T1) and for RTS feature FM2 it was as high as 492,900 mg
L~! (at Bl), while in unimpacted streams (N1 and N2) TSS
ranged from 29 to 41 mg L~! (Supplementary Table 2).
Concentrations of TSS gradually declined downstream: by the
time the stream reaches Stony Creek (~12 km downstream) TSS
was around 900 mg L1,

Mineral-specific surface area (SA, m? g’l) along the transect
was consistently higher for SPM than for the streambank
sediments (Figure 3B). Both for SPM and sediments, SA showed
a decreasing trend from higher SA (about 40 m? g~! and 25 m?
g~ !, respectively) at T1 to lower SA (about 20 m? g~! and about
10 m? g~ !, respectively) with increasing distance. Grain size data
showed that RTS feature FM2 delivers coarser material (median
grain size ~11 pm at B1) than RTS feature FM3 (~6 pm at T1).
This is seen in the dominance of clay (54%) over silt and sand
(39% and 7%, respectively) in the outflow from FM3 (at T1),
while after inflow from FM2 (at T7), silt (55%) was the dominant
fraction with slightly higher contribution of sand (24%) over
clay (22%). Grain size distributions for sediments support the
surface area patterns: lower median grain size in the first two

kilometers of the transect compared to higher median grain size
downstream (Figure 3B).

Organic Carbon and Total Nitrogen
Concentrations and Organic Carbon
Loadings

Total organic carbon (TOC,%) of RTS feature FM3 active layer
varied from 4.0 to 9.2%, while Holocene permafrost and headwall
debris OC content was significantly lower with 1.3 and 1.5%,
respectively (Supplementary Table 3). Within the scar zone of
FM3, sediment TOC ranged from 1.8 to 2.3%, and for POC it
was 4.0%. Total nitrogen (TN) followed a similar pattern as TOC,
showing highest values for active layer (0.4-0.6%), followed by
headwall debris and Holocene permafrost (both 0.1%) and scar
zone sediments (0.1-0.2%). For scar zone SPM, TN was 0.3%.
Molar total organic carbon to total nitrogen ratios (TOC:TN) for
active layer varied between 11.4 and 14.5, while for permafrost
it was 10.0, and for headwall debris 11.1 (Supplementary
Table 3). Scar zone sediments and SPM ranged between 12.1
and 13.9. See Supplementary Tables 3, 4 for complete TOC, TN
and TOC:TN data.

The RTS features FM2 and FM3 released high amounts
of POC (Figure 4A) with concentrations orders of magnitude
greater than in unimpacted streams, which were all below 2.0 mg
L~!. The POC concentrations in the outflow from FM3 were
highest, around 600 mg L™, gradually declining to <100 mg L™!
within two kilometers. Along the transect, POC content varied
between 1.8 and 3.4%. The TN concentrations followed the POC
pattern with highest concentrations at the FM3 outflow (54.3 mg
L~!) which then declined to <1 mgL™! at T6. Along the transect,
TN varied between 0.1 and 0.3% with the highest values at T5
(0.2%) and T6 (0.3%). The TOC:TN ratio increased gradually
from 10.5 at T1 to 15.5 at the outflow from FM2 (at T7) with a
drop to 11.2 at T6 (Supplementary Table 4). Along the rest of the
transect, the TOC:TN ratio remained at ~14. See Supplementary
Table 4 for POC, TN and TOC:TN data.

Concentrations of DOC were an order of magnitude lower
than those of POC, ranging between 5.0 and 14 mg L™!
throughout the transect with no apparent trends (Figure 4A and
Supplementary Table 4). The unimpacted streams had higher
DOC concentrations (~14 mg L) than the outflow from RTS
features FM2 and FM3 (6-8 mg L~h.

The TOC contents for streambank sediments along the
transect varied between 0.6 and 1.4% (Figure 4B). The first
three kilometers of the transect had higher TOC than farther
downstream (about 1.4% and 0.8% on average, respectively).
The TN varied between 0.09 and 0.13% with a decreasing trend
downstream (until T8). The molar TOC:TN ratios showed an
increasing trend downstream, from 11.1 at T1 to 14.3 at T11
(Supplementary Table 3).

Mineral-specific surface area-normalized organic carbon
loadings (mg m~2) for SPM and streambank sediments varied
between 0.5 and 1 mg m~2 with an increasing trend downstream
(Figure 4C). At T8, stream inflow increased OC loading of SPM
to ~1 mg m~2, whereas sediment OC loading decreased to
~0.5 mgm~2,
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FIGURE 3 | (A) Water (oxygen) isotope 8'80 (%) and total suspended solids (TSS; mg L~) along the ~12 km transect following runoff from a retrogressive thaw
slump (RTS) FM3 on the Peel Plateau. The TSS for inflow from RTS feature FM2 (sampling point B1 in Figure 2) is too high (49 x 10% mg L~ ") to plot on the figure.
(B) Mineral-specific surface area (SA; m? g~ ) of suspended particulate matter (SPM) and streambank sediments along the transect. The sediment median grain
size (uwm) with standard deviation is also shown. The vertical gray lines indicate RTS feature FM2 inflow (solid line) and stream inflows (dotted lines). The horizontal
gray lines indicate 880 of rain (-12.0%c) and Pleistocene permafrost (-29.1%o) (Zolkos and Tank, 2019). Open symbols show inflows to the transect from
unimpacted streams and/or RTS feature FM2. The sampling sites from T1 to T12, as given in Figure 2 are shown above the plot.
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FIGURE 4 | Panel (A) shows concentrations (mg L~ 1) of particulate organic
carbon (POC) and dissolved organic carbon (DOC) along the ~12 km transect
following runoff from a retrogressive thaw slump (RTS) FM3 on the Peel
Plateau. Inflow from RTS feature FM2 has a POC concentration of 8073 mg
L= (not plotted). Panel (B) illustrates total organic carbon (TOC; %) content
of streambank sediments. Panel (C) shows organic carbon (OC) loadings as
surface-area normalized (mg m~2) for POC and streambank sediments. On all
panels, inflow from unimpacted streams and RTS feature FM2 to the transect
are indicated with gray lines; RTS feature FM2 inflow with a solid line and
stream inflows with dotted lines. Open symbols show sediment, POC and
DOC inflows to the transect from unimpacted streams and from RTS feature
FM2. The sampling sites from T1 to T12 are shown above the plot.

Carbon Isotopes (§13C, A14C)

Within RTS feature EM3, the §!3C for DOC was less depleted
(—25.8%0) than POC (—26.5%c) or the scar zone sediments
(from —28.2 to —26.4%). Within FM2, the '*C for DOC varied
between —26.2 and —24.7%0, POC from —26.5 to —26.3%0 and

scar zone sediments from —26.7 to —26.5%¢ (Figure 5A). The
813C for POC and streambank sediments remained relatively
stable throughout the whole transect (Figure 5A) with the
813C-POC ranging between —26.3 and —26.6%¢, and 8°C
for streambank sediments from —26.2 to —27.1%0. The §!3C-
DOC showed more variability with values between —25.5 and
—28.0%0. The 3'3C values for streambank sediment OC and DOC
decreased by 0.5%o and 2.0%o, respectively, after the inflow from
RTS feature FM2 (at T7). See Supplementary Tables 3, 4 for
complete 3'2C data.

The A'™C values within the scar zone of FM3 were —579%
(uncalibrated *C age of 6,900 years) for POC and varied
from —758 to —885%0 (11,400-17,000 years) in the sediments
(Figure 5B). Within the scar zone of RTS feature FM2, the A*C
values were slightly lower, ranging from —835 to —959%¢ for
POC and from —846 to —994%o for sediments, corresponding
to “C ages between 14,400 and 25,600 years for POC and
15,000 and 40,600 years for sediments, respectively. Similarly,
for both streambank sediment OC and POC, AC values
were low, varying between —700 and —900%o (10,000 and
25,000 years), although sediment OC was generally more '4C-
enriched (younger) than POC (Figure 5B). Both POC and
sediment showed a trend of increasing A'*C values (i.e., from
older to younger '*C ages) along the transect. Streambank
sediments and POC in the outflow from RTS feature FM3 (at T1)
were older, <—940% (>23,000 4C years old) than those from
the outflow of FM2 (at B1) with —860%0 (~14,600 #C years old).
POC in the unimpacted streams was younger, between —500 and
—680% (5,000-10,000 *C years old), than in the RTS feature
outflow (Figure 6). See Supplementary Table 5 for the complete
radiocarbon data.

(Macro)molecular Composition of SPM

and Streambank Sediments

We used py-GCMS data to track relative changes in the
macromolecular composition of SPM and sediments.
Polysaccharides and lignin moieties are considered fresh
and easily degradable, whereas aromatics and (short-chained)
alkanes are thought to be more recalcitrant (Guo et al., 2003;
Sparkes et al., 2016). N-containing compounds have been shown
to indicate microbial activity (Vancampenhout et al, 2009).
Our analyses indicate that sediments within RTS feature FM3
(Holocene permafrost, headwall debris and scar zone) consist
primarily of aromatics, phenols and alkanes with contributions
63-80%, 17-21%, and 6-12%, respectively, and only minor
contribution of polysaccharides 0-2% (Figure 7). The active
layer of FM3 showed a slightly different distribution pattern
with relatively high contribution of polysaccharides (35 to
43%) and a minor contribution of lignin compounds (1 to
6%). Along the transect, aromatic moieties dominated in all
SPM and streambank sediment samples with contributions
varying between 51 and 87% (Figure 7). The macromolecular
composition of the SPM samples was further characterized
by the presence of substantial amounts of phenols from 10 to
29%, alkanes 4-14%, N-containing compounds 2-13% and
minor amounts of polysaccharides 0-2%. Other than aromatics,
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FIGURE 5 | Panel (A) shows 3'3C values for streambank sediments, particulate organic carbon (POC) and dissolved organic carbon (DOC) along the ~12 km
transect on the Peel Plateau. Error bars for DOC represent 1o between analytical replicates. Panel (B) presents A'4C values for sediments, POC and DOC. The
POC sample T1 had insufficient amount of 4G to measure accurately, thus it is plotted with an arrow indicating the minimum age. The POC samples were blank
corrected for constant contamination according to Haghipour et al. (2019). Open symbols indicate inflow from unimpacted streams. The gray lines show inflow from
RTS feature FM2 (solid line) and streams (dotted lines). The sampling sites from T1 to T12, as given in Figure 2, are shown above the plot. Separate panels show
3'3C and A'*C values for sediment, POC and DOC within the scar zone of RTS features FM2 and FM3. The A'4C values for DOC are from Littlefair et al. (2017).
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streambank sediments along the transect contained 0-36% of
phenols, 0-11% of N-containing compounds, 7 to 13% of alkanes
and <1% of polysaccharides. See Supplementary Table 6 for
complete py-GCMS data.

Lipid biomarker analysis was used to characterize the
molecular composition (i.e., vascular plant input) of sediments
and POC, and to investigate their degradation status. The
sediment samples from the active layer, Holocene permafrost and
headwall debris of FM3, and sediment samples at T1 and at Bl
are the same samples that Broder et al. (2021) have reported, but
were extracted separately for this study. Lipid biomarker analyses
show that concentrations of HMW ¢,7_33 n-alkanes in the active
layer varied between 250 and 360 pg g~! OC, in Holocene
permafrost the concentration was 94 g g~ ! OC and in the
scar zone sediments of FM3 ~390 g g~! OC (Supplementary

Table 7). Concentrations of HMW ¢4.35 n-alkanoic acids in the
active layer ranged between 3500 and 5500 pg g~' OC, and
are an order of magnitude higher than in Holocene permafrost
(630 ug g~ ! OC) or in the scar zone sediments within FM3
(540-1,340 ug g~ ! OC). Along the transect, the HMWc)7.33
n-alkane concentrations varied between 60 to 346 jLg g~ ! OC for
SPM and from 104 to 203 g g~ ! OC for streambank sediments
(Supplementary Tables 7, 8). The HMW 4.3, n-alkanoic acid
concentrations ranged from 88 to 1130 ug g~ ! OC for SPM and
from 24 to 461 ug g~ ! OC for streambank sediments.

Holocene permafrost, headwall debris and scar zone
sediments showed loadings (i.e., mineral-specific surface-area
normalized concentrations) of HMW 4.3, n-alkanoic acids
between 0.25 and 1.96 pg m~2 and of HMW ;.33 alkanes 0.06
and 1.12 ug m~2 (Figure 8). Only the active layer showed higher
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FIGURE 6 | Carbon isotope composition (A14C, 5'3C) of the transect
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(POC) and sediments (n = 4) from retrogressive thaw slump (RTS) FM3, and
unimpacted streams (n = 2) and Peel River (n = 3). The POC samples are
plotted as triangles, sediments as circles and dissolved organic carbon (DOC)
as squares. For DOC the 8'3C values are from this study and A'*C values
from Littlefair et al. (2017). End members for Pleistocene permafrost (PF-P),
Holocene permafrost (PF-H), upper active layer (AL-U) and lower active layer
(AL-L) are from Shakil et al. (2020).

HMW 4.3, n-alkanoic acid loadings (up to 6.62 pg m~2),
yet the HMW 37.33 n-alkane loadings (0.31 to 0.47 ug m~ 2,
Figure 8) were as low as for Holocene permafrost, headwall
debris and scar zone sediments. Throughout the transect,
loadings of both HMW n-alkanoic acids and n-alkanes were
in a similar range for SPM and streambank sediments with
the exception of n-alkanoic acids in SPM at the beginning of
the transect (at T2, Figure 8). For the streambank sediments,
HMW ,7.33 n-alkane and HMW ¢24.3, n-alkanoic acid loadings
varied from 0.04 to 0.14 g m~2 and 0.01 and 0.41 g m~2,
respectively. For SPM, loadings ranged from 0.05 to 0.35 jLg m~2
and 0.16 and 0.75 jLg m~ 2, respectively.

The HMWco4.33 acid-to-alkane ratio, used to assess
degradation status of organic matter (higher ratio indicates
fresher organic matter), showed the highest ratio for the active
layer (~15) followed by Holocene permafrost (~7) and headwall
debris and scar zone sediments (~3). Along the transect, acid-
to-alkane ratios ranged between <1 and 7 for SPM and between
<1 and 4 for streambank sediments (Figure 9A). The CPI values
(another degradation proxy, with higher CPI indicating fresher
material) for n-alkanoic acids ranged between 5 and 6 within RTS
feature FM3 (active layer, Holocene permafrost, headwall debris
and scar zone sediments) while CPI values for n-alkanes varied
between 4 and 8, with the highest values for Holocene permafrost
and active layer (Figure 9B). Along the transect, CPI values for

n-alkanes ranged between 3.6 and 8.5 for SPM and between 1.8
and 6.8 for streambank sediments (Figure 9B). For n-alkanoic
acids, CPI values varied from 3.6 to 5.8 for SPM and from 3 to 6
for streambank sediments (Supplementary Tables 7, 8).

DISCUSSION

The first part of the discussion is focused on source materials
(active layer, Holocene permafrost, headwall debris and scar zone
sediments) within RTS feature FM3 (see section “Within the
Slump: RTS Features as Sources of Water and Organic Matter”),
followed by a discussion on the transport of OC along the
transect (see section “Beyond the Thaw Slump: Transport and
Degradation Status of Sediments and SPM”) and a final section
(“The Role of RTS Features on the Peel Plateau Organic Carbon
Dynamics”) on the role of the RTS features on the Peel Plateau
organic carbon dynamics.

Within the Slump: RTS Features as
Sources of Water and Organic Matter

In this section we show that Holocene permafrost is comprised
mostly of recalcitrant matter, while the active layer is
characterized by more labile matter such as polysaccharides.
The scar zone organic matter is defined as a mixture of active
layer and permafrost. Our data suggest that some degradation
processes may take place immediately upon thaw on the RTS
headwall and within the scar zone. These processes are confined
largely on the active layer component, as permafrost-derived OC
is not as readily degradable.

Bulk Characteristics of the Transect Source Materials
Within the FM3 scar zone, the §'80 signature in the mud pool
(—21.8%o) likely represents Pleistocene and Holocene permafrost
ice meltwater (—29.1%0 and —24.6%, respectively, Zolkos and
Tank, 2019) mixed with active layer soil waters and/or summer
precipitation (—12%o in Fort McPherson; Zolkos and Tank, 2019)
and is subjected to some evaporative enrichment (Jasechko,
2019). The DOC concentration of the scar zone mud pool is
higher (18.2 mg L™!) than values reported by Littlefair et al.
(2017) for scar zone flowing rillwater (~10 mg L~!). This could
be related to longer residence time in pools and evaporative
enrichment, as well as to the relatively dry sampling conditions
in 2017, limiting dilution of DOC concentrations by rain events
that may have been the case in other years. Likely most of
the DOC comes from the Holocene permafrost or the active
layer as DOC concentrations in Pleistocene permafrost are much
lower (Zolkos and Tank, 2019; Shakil et al., 2020). This is
supported by the relatively young *C-DOC ages (from 8,200 to
9,600 years; Littlefair et al., 2017) within the scar zones of FM3
and FM2 (Figure 5B).

Within FM3, OC content of the scar zone sediments (1.3—
1.5%) is similar to the Holocene permafrost and headwall debris
(1.4%), suggesting a larger contribution from permafrost than
from the active layer (~4-9%), or degradation of the latter
(Broder et al., 2021). However, SPM (sampled from a mud pool)
within the scar zone shows a higher OC content, ~4%, suggesting
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permafrost, headwall debris and scar zone of retrogressive thaw slump (RTS) FM3. Distributions are reported as “% of total,” comparing the peak area of the major
ions in the compound class to the total peak area of major ions of all compound classes. Compound classes are aromatics (toluene, ethylbenzene, and
naphthalene), phenols (phenol, 2-methylphenol, 3-methylphenol, and 4-methylphenol), lignin markers (guaiacol, creosol, and 4-ethylguaiacol), nitrogen (N) —
containing compounds (pyridine, 2-methylpyridine, and benzonitrile), polysaccharides (3-furaldehyde, furfural, and 5-methylfurfural) and alkanes (carbon chain

lengths C9-14). The gray lines indicate inflows of streams (dotted line) and RTS feature FM2 (solid line). Peel River sediments (n = 2) were collected in 2011 by JV
(data not published before). The compounds represented with shades of gray (aromatics and alkanes) are regarded as recalcitrant while the compounds in green
and yellow (lignin, N-containing compounds, phenols, and polysaccharides) are considered more labile.

either a stronger influence of the active layer organic matter,
preferential export of finer, relatively OC-rich permafrost, or
potentially primary production within the relatively less turbid
standing water pools of the scar zone. The molar TOC:TN ratio,
which is used to assess sources and degradation of organic matter,
is most varied in the active layer (11.4-14.5) followed by scar
zone sediments (12.1-13.9), headwall debris (11.1) and Holocene
permafrost (10.0) (Supplementary Table 3). Values > 10 indicate
a fresh terrestrial origin and values of around 4-10 aquatic
production, while degradation of organic matter decreases the
ratio (Meyers, 1994; Schmidt et al., 2000). Our TOC:TN ratios are
in the similar range as the values reported by Lacelle et al. (2019)
in the same region, yet are lower than the ones observed in the
deep mineral- and organic soils (C:N > 20) on the Alaskan tundra
(Plaza et al., 2019), indicating a potentially higher degree of OC

degradation on the Peel Plateau. Lacelle et al. (2019) suggest that
OC in the Pleistocene-permafrost may indeed be degraded and
that cryoturbation, albeit limited, could explain the low TOC:TN
values of the Holocene-layer.

On the Peel Plateau, the 8!3C signatures of active layer,
Holocene- and Pleistocene permafrost overlap (from —28 to
—26Y%0; Shakil et al., 2020), but radiocarbon (#C) data show
a larger distinction between these sources (Figure 6; see also
Shakil et al., 2020). The A'"C of scar zone POC (sampled
from a mud pool) is —580%o (7,000 years), which suggests an
additional source of modern carbon. Given the young age and
terrestrial $'°C signature (—26.5%0) of the POC, it likely derives
from the active layer (from —640 to —770%0, in years from
8,000 to 9,900, respectively) or re-vegetation of the scar zone
rather than aquatic sources (mean 3'3C of —33.4 + 4.2%0 and

Frontiers in Earth Science | www.frontiersin.org

March 2021 | Volume 9 | Article 642675


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Keskitalo et al.

Permafrost Thaw on the Peel Plateau

® HMW( 9435 n-alkanoic acids
@ HMW(,7.53 n-alkanes ® OC (mg m2)
<V <0 &
N s A Q N\
A AN s X < <A < &N AN
T T LI m T T
POC ;. @
3
& 5
E i =
S 0.75 3
E b
= 8_,
@) 4+ 05 o
O - 3.
«
—~~
1 025 &
. «Q
B 3
N
N
In slump FM3 e w10
. Sediment
6 r 17" o
o
& g
£ ° 1 0.75 =
)
(@] 4 o =
£ 105 8§
o ’ o
o 5 a
- Y ® |
° 1 0.25 ’g
[ ]
s ¢ 3 ¢ 3
i N
O L1 ’ 1 | O s
¢ & &S
N S
(%) Q S
X NN >
EN AN >
Q) o & 9
¥ XS
& L
& X
&
<
FIGURE 8 | High molecular weight n-alkanoic acids (HMWg24-32) and n-alkanes (HMW27-33) concentrations (ug m~2) and organic carbon (OC) concentrations
(mg m~—2) of particulate organic carbon (POC) (A) and streambank sediment (B) on the ~12 km transect on the Peel Plateau. Retrogressive thaw slump (RTS) FM2
inflow is marked with a solid gray line and stream inflows with dotted gray lines. Active layer, Holocene permafrost, headwall debris and scar zone sediment
HMWo,4.35 n-alkanoic acids, HMW»7 .33 n-alkanes and OC for RTS feature FM3 are shown in the separate “In slump FM3” panel. Open symbols show inflows to the
transect from RTS feature FM2. The transect sampling sites from T1 to T12 are shown above the plot.

AC of —145 + 145%0, Shakil et al., 2020). Sediments within
FMS3 scar zone are older (between —760 and —880%o, 11,300—
17,000 years old) with 3'3C values between —26.4 and —28.2%.
These differences display the heterogeneity within the scar zones,
and the depleted §!°C signature may indicate hot spots for
autochthonous production (Figure 6). Within FM2, AC of
the scar zone POC (sampled from rill channels) ranges between
—920 and —960%0 (20,000-25,600 years) while that of sediments

varies between —900 and —990%o (18,000 to 40,600 years). These
differences within the scar zone POC of FM2 and FM3 may
be due to different hydrodynamic settings at sampling locations
(i.e., mud pool at FM3 and rill channels at FM2), suggesting
that stagnant water pools in the scar zone may be comprised
of different POC than the rill channels with flowing water.
The POC ages are comparable to outflow from Pleistocene-aged
Yedoma deposits in Siberia, but the Peel Plateau DOC is 10,000

Frontiers in Earth Science | www.frontiersin.org

13

March 2021 | Volume 9 | Article 642675


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Keskitalo et al.

Permafrost Thaw on the Peel Plateau

@ Sediment A POC
A <¥ O B
o In slump FM3 A RXLA <D O ARV +
pr=—} L L ] T T ]
[0} E (o)
= 6 Q ) 7
X - e £ a %
21578 55 |e% 4 ay 168
1
e} © % =
A 4 o ¢ «9% =
T 10 | & ® 4 % o
® 3 5 A A 5
g ® QIJ ) 7 3 >
. L 2 = o)
g ° o : R I
;c) o Y 1 [0]
=
= 0t I | 1 1 0 g- L I 1 1 1 L] 0
* S & & O S
@ &«0 & 0 025 05 075 1 1.25
& £y even LMW/ odd HMW
€ L5
& F
g 3
&
oS
FIGURE 9 | Panel (A) shows the high molecular weight (HMW, carbon chain lengths C24-33) acid-to-alkane ratio of particulate organic carbon (POC) and
streambank sediment on the ~12 km transect on the Peel Plateau. Lower ratios indicate more degraded material. Inflow from retrogressive thaw slump (RTS) feature
FM2 is marked with a solid gray line and stream inflows with dotted gray lines. Active layer, Holocene permafrost, headwall debris and scar zone sediment
HMWe24-33 acid-to-alkane ratios within RTS feature FM3 are shown in the “In slump FM3” panel. The transect sampling sites from T1 to T12 are shown above the
plot. Panel (B) illustrates Carbon preference index (CPI) of n-alkanes versus ratio of even low molecular weight (LMW, C16, C18, and C20) n-alkanes to odd HMW
(C27, C29, and C31) n-alkanes (even LMW/odd HMW). Circles with a black stroke represent headwall (active layer, Holocene permafrost, and headwall debris) and
scar zone sediments.

to 15,000 years younger than DOC originating from Yedoma
(Vonk et al., 2013). This could be due to build-up of DOC
in Yedoma over time as concentrations there are much higher
than on the Peel Plateau (Vonk et al., 2013; Ewing et al., 2015;
Littlefair et al., 2017), likely due to the contrasting origin of
these deposits and permafrost history of these regions (Tank
et al., 2020). Furthermore, the geological history of these two
regions differs as the Peel Plateau was glaciated during the Last
Glacial period (ca. 18,500-15,000 yr BP, Zazula et al., 2009;
Lacelle et al., 2013), thus it is characterized by relatively OC-
poor deposits, and hosts glacial tills bearing petrogenic OC from
underlying shale bedrock, whereas Yedoma regions remained
ice-free and incorporated organic matter from vegetation during
aggradation (Yunker et al, 2002; Lacelle et al, 2013; Ewing
et al, 2015; Strauss et al, 2017). Petrogenic materials, such
as shales, are known to be present in the lower Mackenzie
River (Carey et al,, 1990; Yunker et al, 2002), and account
for 10-30% of the suspended OC load in the Mackenzie Delta
(Hilton et al., 2015).

Macromolecular Analyses Suggest a Dominance of
Recalcitrant Components in the Scar Zone

The macromolecular composition of organic matter may
provide information on the overall lability or recalcitrance
of the bulk organic matter, as certain compounds are
chemically more prone to degradation than others. High
relative contributions of pyrolysis-products of polysaccharides
(3-furaldehyde, furfural, 5-methylfurfural) and lignin moieties
(i.e., methoxyphenols) indicate organic matter freshness

(Guo et al., 2003), while aromatic products are attributed
to more refractory macromolecular precursors and linked
to mature OC (Guo et al., 2003; Sparkes et al, 2016),
similar to aliphatics (i.e., short-chained alkanes). High
relative abundances of N-containing compounds have been
shown to indicate a higher degree of microbial activity and
decomposition (Vancampenhout et al., 2009). Alkylphenols (e.g.,
2-methylphenol and 3-methylphenol) are common pyrolysis
moieties of terrestrial material and may originate from various
precursor biomacromolecules including polysaccharides and
proteins (Van Heemst et al., 1999; Guo et al., 2003, 2009; Xu
et al., 2009).

All lignin markers (guaiacol, creosol, and ethylguaiacol) along
with the majority of polysaccharide markers are not present
within the scar zone sediments, suggesting rapid degradation
of these compounds, which are considered amongst the more
readily degradable components of soil organic matter, upon
thaw (Dai et al., 2002 and references within). Alternatively, the
relative decrease of these compounds on the scar zone sediments
compared to the active layer may be due to mixing with the
permafrost mineral soil. The thawed material (e.g., headwall
debris, scar zone sediments) consists largely of recalcitrant
compounds. These compositional findings are in line with those
of Lacelle et al. (2019) based on *C nuclear magnetic resonance
spectroscopy of soils in the Peel Plateau region. The possible
dissociation and transfer of polysaccharides or non-mineral
bound lignin from particulate to dissolved phase is unlikely, given
the orders-of-magnitude lower DOC concentrations compared to
mobilized POC (Matiasek and Hernes, 2019).
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Lipid Biomarker Data Suggest a Mixture of Biogenic
and Petrogenic Organic Matter Within the RTS
Feature

Within RTS feature FM3, concentrations of HMWc27.33
n-alkanes (active layer 250-360 jLg g~ ! OC, Holocene permafrost
94 ng g~! OC and scar zone sediments ~390 pug g~! OC)
are similar to values reported for coastal and river erosion
sites in the Siberian Arctic, where HMW ¢7.33 n-alkanes range
from 37 to 230 pg g~! OC on a river erosion site (Olenek
Channel) and 48-6,355 g g~! OC on an active coastal erosion
site (Muostakh Island) (Sdnchez-Garcia et al., 2014; values re-
calculated to match the carbon chain lengths used in this
study). Within RTS feature FM3, the HMWy4.3; n-alkanoic
acid concentrations in the active layer (3,500-5,500 g g~ OC),
Holocene permafrost (630 pg g=! OC) and in the scar zone
sediments (540-1,340 g g~ ! OC) fall in the lower end of those
observed in the Olenek Channel (375 to 50,785 ug g~ ! OC) and
on Muostakh Island (358 to 15,941 g g_1 OC) (Sanchez-Garcia
et al., 2014). The higher lipid concentrations in the active layer
indicate more vascular plant input and/or less degradation than
in the permafrost. The difference in lipid concentrations between
the Siberian sites and the Peel Plateau may be due to similar
reasons, or as discussed previously, due to differing depositional
histories of these landscapes as Yedoma in Siberia hosts OC-rich
loess deposits, while the Peel Plateau is characterized by OC-
poor glacial tills and glaciofluvial and glaciolacustrine sediments
(Schirrmeister et al., 2011; Lacelle et al., 2013).

Active layer samples show the highest HMW acid-to-alkane
ratio, implying that they are the least degraded, followed by
Holocene permafrost and the scar zone sediments (Figure 9A).
The headwall debris of FM3, is more degraded than the active
layer or Holocene permafrost, suggesting that some degradation
processes may occur immediately upon permafrost thaw. This
implies that part of the OC, especially from the active layer,
is labile, as has been shown in the ice complex deposit
outcrops in Siberia (Sanchez-Garcia et al., 2014). In the scar
zone sediments, the HMW-acid-to-alkane ratio is lower than
for active layer and Holocene permafrost, suggesting either
further degradation processes within the scar zone or mixing
with the deeper Pleistocene permafrost. Bacterial activity in the
scar zone is likely, given the warm and wet conditions in the
scar zone sediments (Cory et al, 2013; van der Sluijs et al,
2018). On Herschel Island (Yukon coast, Canada), it has been
shown, using lipid biomarkers, that permafrost organic material
released from a coastal RTS degrades before exiting the slump
(Tanski et al., 2017).

Within RTS feature FM3, CPI values are similar among active
layer, Holocene permafrost and scar zone sediments (from 6
to 8 for n-alkanes and from 5 to 6 for n-alkanoic acids, see
Supplementary Table 7). In the Siberian permafrost outcrops,
the CPI values for n-alkanes indicate much less degradation with
values up to 38 in the Olenek Channel and between 3 and 43
on Muostakh Island (Sanchez-Garcia et al., 2014). The respective
n-alkanoic acid CPI values are 6 to 13 and 7 to 11 (only Muostakh
Slope 7). On the Peel Plateau, the low n-alkane CPI values may be
explained by the influence of petrogenic carbon sources which
usually have CPI values close to one (Bray and Evans, 1961).

Beyond the Thaw Slump: Transport and
Degradation Status of Sediments and
SPM

In this section we show that the concentrations of POC
decrease rapidly in the RTS runoff with distance, while the
oldest organic matter is transported kilometers downstream
in the POC fraction. Apart from degradation processes in
the immediate outflow from the RTS feature, runoff consists
largely of recalcitrant compounds that do not seem to degrade
during downstream transport. These findings suggest that a
large proportion of the organic carbon mobilized from the
RTS features on the Peel Plateau is not rapidly degrading
during downstream transport, thus the climate impact of
the particulate fraction carried by thaw streams is likely
relatively small.

Thaw Slump Signal Is Strongest Within the First Few
Kilometers of the Runoff

The water isotope data on the transect show that RTS feature
FM3 outflow with a 8'0 value of around —25%0 comprises
a mixture of Pleistocene and Holocene permafrost (—29.1%o
and —24.6%q, respectively, Zolkos and Tank, 2019) and active
layer/precipitation water (—12%o, Zolkos and Tank, 2019). The
depleted §!80 signature from FM3 persists for about two
kilometers in the stream. Farther downstream, the §!80 signal
is similar to those in the unimpacted streams with an average
of —20%c. Outflow from RTS feature FM2 does not shift
the 8!80 signature on the transect, i.e., the water appears to
derive mostly from precipitation and active layer input, and
additionally, given the dry conditions during sampling, the 3'30
might have been enriched due to evaporation (Craig et al.,
1963). There were no rain events during the sampling period
that could have shifted the water isotope signal between the
sampling dates. Concentrations of DOC along the transect do
not show any apparent trend, or correlation with §'%0, yet
DOC §!3C values are consistently around —26%q (n = 6) when
8180 values are below —20%¢ (first ca. 2.5 km of transect,
T1-T6) while the DOC $!*C values show a somewhat larger
and more depleted range (—27.2 to —28%¢) when 8180 values
are around —20%0o (beyond ca. 2.5 km). The lowest DOC
concentrations along the transect are found in the outflow
from RTS feature FM2, and may reflect adsorption of DOC
to particles (Kothawala et al, 2012; Littlefair et al., 2017)
lowering thaw slump DOC delivery to streams on the Peel
Plateau. Additionally, in the RTS runoff, particles take up such
a large proportion of the volume that DOC concentrations
would be even lower when one corrects for the sediment load
(Shakil et al., 2020).

Our data show that along the transect mineral-specific
surface area for sediments is consistently lower than for SPM,
implying that finer material remains in transport whereas coarser
material preferentially settles as predicted by hydrodynamic
sediment transport principles. Mineral-specific surface area
for streambank sediments and SPM are higher within the
first two kilometers downstream from RTS feature FM3 than
farther downstream (Figure 3B), whereas the median sediment
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grain size shows an inverse pattern, i.e., lower grain size in
the beginning of the transect than farther downstream, thus
supporting the mineral-specific surface area data. This may
reflect the high amount of fine-grained sediments released from
the thaw slumps, and higher hydrodynamic power downstream
mobilizing larger particles.

The RTS features FM3 and FM2 deliver substantial amounts of
SPM and associated OC to the fluvial network. POC constitutes
about 2-3% of the total suspended sediments which is a range
similar to that observed in permafrost disturbed areas in the
Canadian High Arctic (Lamoureux and Lafreniere, 2014). The
concentrations of POC are orders of magnitude higher than
those of DOC, demonstrating that most of the permafrost
carbon is released in particulate form (see also Shakil et al,
2020). The overwhelming sediment delivery from the RTS
features exceeds the transport capacity of the streams, which
is illustrated by extremely large, and persistent debris tongue
deposits comprised of 10* to 10° m? of slump derived materials
(Kokelj et al., 2020, in review), and in the decrease in POC
concentrations from 600 to 2 mg L~! within the first ~2 km
of the transect (see also Shakil et al, 2020). According to
Kokelj et al. (2020, in review) and Shakil et al. (2020), the
majority (80%) of the mobilized particulate matter of the
largest RTS features affecting low-order streams accumulates
on the debris tongues, thus is not immediately transported
farther downstream.

Input of Fresh Organic Material and Hydrodynamic
Sorting Impact Patterns in Downstream Transect
Mineral-specific surface area has been used as a tool to distinguish
between sorting and degradation of organic matter in aquatic
systems as riverine POC is often tightly bound (i.e., sorbed)
to suspended minerals (Keil et al., 1997). It has been shown
that higher mineral-specific surface area allows for a higher OC
binding capacity (Keil and Mayer, 2013). Along the transect, the
POC loadings (0.47-1.01 mg OC m~2) are within a range of
typical riverine loadings (Blair and Aller, 2012), and increase
downstream (Figure 4C). This may be caused by addition of
fresh material (with high OC-loading) which is supported by
the TOC:TN data (Supplementary Table 4). For streambank
sediments, the OC loadings (0.47-0.88 mg OC m~2) show
a more erratic pattern, but follow roughly the same trend
as for POC. These POC and streambank sediment patterns
contrast with general observations in larger river systems (e.g.,
Freymond et al., 2018) where OC loadings typically decrease
downstream. We reason this contrast may either be caused by
(i) an increase in the hydrodynamic power downstream that
leads to additional transport of coarse particles (with low SA),
but also (ii) an addition of free particulate organic matter (i.e.,
not associated with mineral surfaces) such as wood/plant debris
downstream (with high OC).

Shift in 13C-DOC Values Suggests Downstream
Transition From Sorption-Dominated Environment
Toward Stronger Input of Fresh Material

Along the transect, the 3!°C values for POC and streambank
sediment OC fall within a very narrow range (between —26.3

and —27.1%o), suggesting consistent OC sources or similar 3'C
signatures of different OC sources (Figure 5A). The latter is
likely as Shakil et al. (2020) have shown that OC sources on the
Peel Plateau have overlapping 8!>C signatures. These values are
also in the same range as in Yedoma ice complex deposits in
Siberia (average 8'3C value, —26.3 & 0.67%0; Schirrmeister et al.,
2011; Vonk et al., 2012). It is however, noticeable that DOC is
relatively enriched in '3C compared with POC and streambank
sediment OC (Figure 5A) in the first ca. 2 km of the transect.
This may be explained by sorption processes, as Littlefair et al.
(2017) have shown to happen in the RTS-influenced streams
on the Peel Plateau, where preferential sorption of the '3C-
depleted hydrophobic fraction of DOC causes enrichment of
the remaining DOC (Kaiser et al., 2001). The abrupt decrease
in §!13C values of DOC from —25.5 to —27.5%0 from point T6
onward (Figure 5A) implies that fresh material may be added
between points T6 and T7 and further downstream, as is also
suggested by the high TOC:TN ratio of SPM (Supplementary
Table 4) and enriched $'80 signature (Figure 3). This shift in
the 813C signature of DOC may imply that input of fresh organic
matter begins to dominate over sorption processes downstream
of RTS features.

Suspended Sediment Load Carries the Oldest
Organic Carbon

The radiocarbon data reveal that some of the old, Pleistocene
permafrost-origin POC remains in suspension along the entire
12 km transect despite the rapid decline in POC concentrations
in the beginning of the transect (Figure 5B). In fact, the 4C
signature for POC is older than for streambank sediment OC
throughout the entire transect, except for the site T6, which likely
receives younger (modern) POC from a stream inflow. This trend
indicates that the oldest fraction of the RTS-released material
is transported predominantly in the suspended fraction, which
suggests that the old Pleistocene permafrost released is finer than
the modern sources (see also Broder et al., 2021). Alternatively,
fresh organic matter could be admixed with the sediments, but
less so with the SPM.

The Most Recalcitrant Fraction of Organic Matter Is
Transported Downstream

The dominance of refractory aromatic compounds and short-
chained n-alkanes over the other compound classes in the
RTS runoft as well as in the transect SPM and sediments,
suggests that a large portion of the released permafrost carbon
is not readily degradable, or that it is degraded within the
scar zone prior to transport. Vancampenhout et al. (2009)
found that soils in these environments may accumulate high
amounts of aromatics and short- and mid-chained aliphatics,
due to hampered degradation in cold climates, while in favorable
conditions no relative accumulation of compounds occur. Short-
chained alkanes may also derive from petrogenic sources that
are known to be present in the area as shown by previous
studies (e.g., Yunker et al., 2002; Hilton et al., 2015, discussed
in section “Within the Slump: RTS Features as Sources of
Water and Organic Matter”). Furthermore, the prominence of
these refractory compounds may also indicate that they are
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tightly associated with mineral particles and thus, protected
from microbial degradation (Hemingway et al., 2019). However,
the presence of N-containing compounds along the transect,
suggest that some microbial degradation processes occur during
transport. It could be that degradation mostly takes place in
fresh organic matter, as we observe low (relative) abundances of
polysaccharides throughout the transect that likely originate from
fresh sources on the streambanks and from inflowing streams.
These fresher sources are likely more prone to degradation
(Broder et al., 2021).

Along the transect, concentrations of HMW ¢37_33 n-alkanes
(104 to 203 ug g~ ! OC for sediments and 57 to 345 pg
g’1 OC for SPM), and HWMcy4_3, n-alkanoic acids (23 to
466 png g~! OC for sediments and 88 to 1133 ug g~ ! OC
for SPM) are lower than within the scar zone sediments. This
decrease in concentrations coupled with a rapid decrease in
HMW acid-to-alkane ratios (to below 1) within the first two
kilometers, both for SPM and streambank sediments, suggests
degradation of organic matter (Figure 9A). One could also
argue that, instead of degradation, active layer contributions
(with high HMW acid-to-alkane ratios and CPI values) are
simply mixed with the permafrost signal that comprise a
much larger part of the headwall, however, we observe a
decrease in these ratios both within the scar zone as within
the first transect kilometers. Similar to HMW acid-to-alkane
ratios, CPI values for both streambank sediments and SPM
are slightly lower along the first few kilometers of the transect
than within RTS feature FM3 (see Supplementary Tables 7,
8). The increases in the HMW acid-to-alkane ratios and CPI
values farther downstream along the transect (beyond T7) are
likely driven by inflows from Stony Creek, unimpacted stream
at N2 and RTS feature FM2, indicating addition of fresh
organic matter, which is supported by the molar TOC: TN ratios
(Supplementary Table 4). These results are in line with the
pyrolysis data (Figure 7), suggesting that degradation and/or
mixing of permafrost with more labile compounds, mainly
from the active layer, occurs already within the RTS feature,
while only the more recalcitrant organic matter is transported
downstream. Apart from addition of fresh organic matter
to the stream, erosion of debris tongues and deeply incised
valleys downstream of FM2 may add recalcitrant, potentially
petrogenic, organic matter to the stream. Grewer et al. (2018)
have observed that active layer detachment slides in the Canadian
High Arctic release dominantly recalcitrant OC to the streams.
However, our n-alkane data show dominance of odd n-alkanes,
especially in the HMW carbon chain lengths (C27-33) of
the SPM, which is typical for biogenic sources rather than
petrogenic ones (Carey et al, 1990). For the sediments, the
dominance of odd n-alkanes is not as noticeable, and lower
odd chain lengths (<C23) have higher concentrations than
the HMW after the FM2 inflow (at T7) suggesting potential
petrogenic input from the widespread exposure of the deep
Pleistocene-aged permafrost of FM2 (headwall height ca. 25
m) along with potential bank erosion from the debris tongue.
Given the evidence above, the biomarker data with low CPI
values, the presence of n-alkanoic acids (which are commonly
not found in petrogenic OC) and the dominance of odd

n-alkanes, this suggests that the organic material transported
is likely a mixture of both biogenic and petrogenic sources
(Supplementary Figure 1).

Streambank sediments at the beginning of the transect show
high n-alkane CPI values and low even-to-odd n-alkane ratios,
suggesting fresher and less degraded material than the sediments
downstream, the latter exhibiting low CPI values and high
even-to-odd ratios (Figure 9B). For the POC, however, no similar
trend could be discerned, which may reflect addition of fresh
particulate matter from the inflowing streams that confounds
degradation patterns, or a lower degree of degradation in the
SPM fraction of the transect (quicker transport) than in the
sediment fraction (that may represent longer timescales due to
deposition and re-suspension cycles). The CPI values and even-
LMW-to-odd-HMW n-alkane ratios do not fully support the
HMW acid-to-alkane ratios, which indicate degradation only
within the RTS feature and in the immediate outflow. However,
inflow from FM2 lowers the CPI values of n-alkanes likely due to
addition of petrogenic carbon.

Peel Plateau organic matter released from RTS features
appears to be more degraded than surface sediments in the
Buor-Khaya Bay in Siberia that receive organic matter from
thawing permafrost coasts and the Lena River. Surface sediments
in the Buor-Khaya Bay (stations YS-13 and YS-14 in Broder
et al, 2016b) have concentrations of HMW 5,7 33 n-alkanes
(440-537 pg g_1 OC) and HMW ¢»4.3; n-alkanoic acid (2,824~
6,874 jug g~ ! OC) that are higher than in our transect sediments.
The CPI values of our transect sediments compare to the surface
sediments in the Laptev Sea: CPI values 2-10 for n-alkanes and 4-
6 for n-alkanoic acids, though are also in the lower end (Broder
et al., 2016b). Similar to CPI values, HMW acid-to-alkane ratios
in the Buor-Khaya Bay are in a higher range (5.3-15.2) than
those along our transect (0.1-7.3), suggesting that streambank
sediments on the Peel Plateau are more degraded than surface
sediments in the Buor-Khaya Bay. Additionally, these differences
may be due to factors such as depositional environment (marine
vs. terrestrial), permafrost type (Yedoma vs. glacial tills) and
degradation processes en route (submerged vs. streambank),
which all likely play a role.

The Role of RTS Features on the Peel

Plateau Organic Carbon Dynamics

On the Peel Plateau, Zolkos et al. (2019) have shown that
the amounts of CO, released from the RTS-impacted streams
are relatively low. Our results on the composition of thaw
slump-SPM similarly suggest that a dominance of recalcitrant
compounds with input from petrogenic carbon sources limits
active degradation during downstream transport. Our analyses
also suggest that the low CO; emissions that do occur (Zolkos
et al,, 2019) may largely result from fresh organic matter (active
layer) that is either released upon slumping and degraded
within the scar zone (see also Broder et al., 2021), or is added
further downstream from the surrounding active layers and fresh
vegetation, and potentially degraded. While our results indicate
minimal mineralization during downstream transport of POC,
degradation processes within scar zones of RTS features seem
more apparent (see also Broder et al, 2021), yet mixing of
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active layer with permafrost mineral soil within the scar zone,
likely also plays a role. The POC is consistently older than
streambank sediment OC, suggesting that the oldest, Pleistocene-
aged organic carbon is transported downstream. The depletion
of 8!13C signature of DOC downstream of RTS features suggests
that addition of fresh DOC from the surrounding active layer
soils likely drives the DOC dynamics farther downstream of
RTS features instead of sorption to particles that Littlefair et al.
(2017) have observed in the immediate runoff from RTS features.
Given the fact that the number and size of RTS features on the
Peel Plateau are increasing (Kokelj et al., 2015), degradation of
released OC within scar zones may become more important. The
increasing size of the RTS features also increases depth of the scar
concavity (Kokelj et al., 2020, in review), which raises the volume
of sediment that could be mobilized to the stream system, and
the depths within the stratigraphic profile from which they are
derived. However, as deepening will likely expose and mobilize
predominantly recalcitrant permafrost organic matter, its climate
feedback may remain relatively small. Additionally, the climate
impact of RTS features over longer time scales might change if
the increased solute load changes the in stream physico-chemical
conditions, such as pH, leading to potential release of mineral-
bound organic carbon (Opfergelt, 2020). These results of RTS
impact on fluvial systems on the Peel Plateau may be applicable
to other ice-marginal regions in North-America (Kokelj et al.,
2017b - see map) that are underlain by ice-rich permafrost and
comprise of glacial sediments, indicating that more studies on
POC composition and degradability are needed to be able to
better understand implications on a wider scale.

CONCLUSION

In this study, we addressed bulk geochemical and
sedimentological properties as well as the (macro)molecular
composition of suspended and streambank sediments released
from two large RTS features and their downstream transport
on the Peel Plateau. Pleistocene-aged permafrost POC is
traceable for >10 km downstream, suggesting that RTS features,
which are increasing in size and number on the Peel Plateau,
impact watersheds on a larger scale by adding old POC to the
stream system. However, the mobilized POC is dominated by
recalcitrant compounds, such as aromatics, which suggests that
RTS activity on the Peel Plateau mostly conveys a large amount
of permafrost OM to sites of reburial, with limited (potential
for) degradation during fluvial transport. Our results (along
with Broder et al, 2021) suggest that ongoing degradation
is mostly confined to the scar zone of the RTS feature itself
and in the immediate runoff. The most labile organic matter
fraction seems to mainly derive from the active layer rather
than from old-Pleistocene permafrost. The contribution of
petrogenic carbon released from RTS features may become more
abundant in the future as the RTS features deepen and expose
more Pleistocene-aged permafrost. Glacial ice-margins, such
as the Peel Plateau, are particularly susceptible to thermokarst
processes thus a better understanding of these landscapes and
the complexity associated with the mobilization and mixing of

materials before further transport and their re-deposition on
debris tongues is crucial for deciphering their potential climate
impact on longer timescales.
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