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Abstract

The rapid warming of the Arctic is accelerating permafrost thaw and mobilising large, previously frozen organic-
carbon reservoirs. Retrogressive thaw slumps (RTS) are dynamic hotspots of abrupt permafrost disturbance that expose deep,
millennial-aged material to erosion and transport. To assess the fate of slump-derived organic matter (OM), we analysed
samples from (i) the seasonally thawed active layer, (ii) Holocene and Pleistocene permafrost, (iii) freshly thawed debris, and
(iv) runoff across four RTS of contrasting sizes and ecological settings on the Peel Plateau, north-western Canada. We
specifically quantified OM abundance, thermal stability, and radiocarbon content, complemented by thermally-sliced
pyrolysis—gas chromatography-mass spectrometry (Ts-Py-GCMS) for molecular fingerprints. Our results show that OM age
and stability primarily reflect geomorphic feature type. Permafrost, debris, and runoff contain radiocarbon-depleted, thermally
stable carbon, whereas active-layer OM is younger and more labile, with minor contributions of stabilised, higher-energy
fractions. Ts-Py-GCMS shows that low-temperature fractions are dominated by carbohydrate- and cellulose-derived
pyrolysates, while higher-temperature fractions contain aromatic and long-chain aliphatic compounds consistent with more
processed or mineral-associated OM. The close similarity between permafrost, debris, and runoff indicates that RTS
predominantly export ancient, thermally stable OM with limited early-stage alteration. These findings highlight that a
substantial portion of thaw-mobilised particulate carbon likely remains stable during initial transport, with important

implications for Arctic carbon-climate feedbacks.
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1 Introduction

Arctic amplification has led to regional warming rates two to four times the global mean (Overland et al., 2019;
Rantanen et al., 2022), thus accelerating permafrost thaw and the release of large, previously frozen organic carbon stocks
(Hugelius et al., 2014; Schuur et al., 2015). Soils across the permafrost region store approximately 1,000 Pg C within the upper
3 m (Hugelius et al., 2014; Mishra et al., 2021), representing nearly half of the global below-ground carbon pool. Even partial
decomposition of this reservoir could substantially alter global biogeochemical cycles. Thaw and mobilisation heighten the
vulnerability of this pool to decomposition, emphasising its potential role in amplifying climate warming (Schuur et al., 2015).
Once thawed, some fraction of organic matter (OM) is likely remineralised, thereby leading to carbon dioxide (CO:) and
methane (CHa) emissions and reinforcing warming (Schuur et al., 2008). However, increased plant productivity (“Arctic
greening”) has the potential to offset part of these emissions; the net carbon balance of the Arctic under continued warming
thus remains uncertain (Strauss et al., 2025).

Retrogressive thaw slumps (RTS) are among the most dynamic features of permafrost degradation. They form when
ground-ice melt triggers large-scale collapse of previously frozen deposits, exposing deep, often Pleistocene-aged material to
erosion and rapid transport (French, 2007). Each slump is characterised by a steep, ice-rich headwall that retreats upslope as
thaw progresses, and a downslope scar zone where thawed sediment accumulates and may be re-mobilised and transported
farther downslope (Broder et al., 2021; French, 2007; Kokelj et al., 2021; Segal et al., 2016a). Compared to gradual thaw, RTS
activity strongly enhances particulate organic carbon (POC) and sediment fluxes to downstream systems (Kokelj et al., 2013,
2021; Zolkos et al., 2019). Mobilised OM can also enter river networks as dissolved organic carbon (DOC), which has been
described as microbially labile (Drake et al., 2015; Mann et al., 2015; Vonk et al., 2015), while POC lability remains relatively
poorly constrained. In incubation experiments, this POC has shown low biodegradability (Kokelj et al., 2021), suggesting
persistence after thawing. While incubation experiments provide valuable constraints on microbial respiration in thawed soils,
they are usually laborious and time consuming, often underestimate the stability of mineral-associated or physically protected
carbon pools and cannot resolve how molecular composition relates to OM reactivity (Lacelle et al., 2019; Shakil et al., 2022).
These limitations highlight the need for complementary, process-based approaches that link OM composition to its (thermal

Jeactivity and radiocarbon age structure, and thus provide mechanistic constraints on the stability and fate of RTS-derived

(ot

organic carbon.

The Peel Plateau in north-western Canada is one of the most active and rapidly evolving regions of RTS development
in the Arctic (Kokelj et al., 2015, 2021; Littlefair et al., 2017). Successive investigations have documented RTS-driven
transformations in sediment delivery, stream geomorphology, and carbon export (Kokelj et al., 2013, 2015, 2017, 2021). These
studies show that slump activity markedly increases sediment and POC fluxes, largely sourced from ancient, Holocene- and
Pleistocene-aged permafrost (Broder et al., 2021; Kokelj et al., 2021; Shakil et al., 2020; Keskitalo et al., 2021). Active-layer

deepening and cryoturbation (j.e., frost-driven mixing of soil horizons and OM) further redistribute carbon vertically within

thermal
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thawing terrains, influencing its exposure and preservation (Bockheim and Tarnocai, 1998; Ping et al., 1998, 2008). Mapping
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and geomorphic classification efforts have demonstrated that slump morphology controls both the rate and pathway of material
transfer to aquatic systems (Kokelj et al., 2013, 2015; Lewkowicz and Way, 2019; Ramage et al., 2017). Prior work on the
Peel Plateau has quantified sediment and carbon fluxes and source contributions (Littlefair et al., 2017; Shakil et al., 2020,
Zolkos et al., 2018) and has identified geomorphic controls on material export (Kokelj et al., 2013, 2021). Furthermore, Broder
et al. (2021) showed that active-layer material is dominated by compounds indicative of fresh plant material, whereas recently
thawed debris and slump runoff predominantly carry radiocarbon-depleted POC, compositionally more similar to permafrost
OM. Despite these advances, the overall assessment of bulk OM stability in these RTS systems remain poorly constrained.
Specifically, how OM composition relates to its (thermal) reactivity and inferred persistence during downstream transport is
not yet understood.

Here, we address these knowledge gaps by providing a mechanistic framework to distinguish stabilised versus
degradable carbon fractions and assess the initial fate of slump-derived OM upon thaw and mobilisation. To do so, we collected

samples at four RTS sites, spanning from small, tundra-dominated slumps to larger, forested slumps, fhat differed in headwall

(osked

height, scar zone extent, initiation age, elevation, and predominant vegetation (Fig. 1), to measure thermal reactivity and

thermally,resolved radiocarbon content together with molecular composition distributions of OM. Although thermal reactivity
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does not equate with bioavailability, it provides an indirect measure of OM persistence by constraining its activation energy

structure (Hemingway et al., 2017). We focus on four RTS components representing two primary OM sources: the seasonally

thawed active layer, and permafrost layers that formed during Holocene and Pleistocene, now exposed at the retreating

headwalls; and two stages of ynobilisation: freshly thawed debris accumulating at the base of the headwall and suspended

(osed

sediments in runoff draining the slump scar zone. We can thus test the following hypotheses: (i) permafrost OM contains
radiocarbon-depleted yet thermally heterogeneous carbon, comprising components with contrasting activation energies whose
preservation reflects prolonged freezing rather than intrinsic molecular resistance. And: (ii) in contrast, the active layer contains
younger organic compounds from recent biological production characterised by lower activation energies. Building on this
foundation, we propose that activation-energy distributions provide a mechanistic insight into these compositional contrasts,
allowing us to assess how OM from contrasting sources transforms upon erosion and transport. This information improves our
understanding of how abrupt permafrost thaw and subsequent OM mobilisation influences permafrost carbon cycling and

associated climate feedbacks.
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2 Material and Methods

100 2.1 Site description and sample preparation
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Figure 1. (a) Map of the study area on the Peel Plateau, NWT, Canada (as indicated by the star on the inserted overview map),
showing the locations of the four investigated retrogressive thaw slumps (RTS): CB (blue), SF (vellow), FM?2 (green) and FM3
(red). The broader distribution of active thaw slumps across the region, mapped using Landsat imagery up to 2015, is shown
as grey dots, and the Stony Creek and Vittrekwa River watersheds are outlined in blue. Geospatial data on thaw slump
distribution were obtained from Segal et al. (2016). (b) Photographs of each of the RTS features. The photos of FM3 thaw
slump illustrate the geomorphological features: active layer (AL — white dotted line), permafiost (PF — orange), debris (DB —
blue), and runoff (RU — blue arrow). The figure has been adapted from Broder et al. (2021) and the basemap is from Zolkos
et al. (2018). Reproduced with permission from John Wiley & Sons. ©2018 American Geophysical Union.

The RTS sites studied here (Fig. 1a) have been described in detail previously (Bréder et al., 2021, Keskitalo et al.,
2021) and have featured in related work on sediment dynamics and carbon fluxes (Littlefair et al., 2017; Shakil et al., 2020;
Thomas et al., 2023; Zolkos et al., 2019). Sites CB and SF are smaller, more recently initiated RTS systems at higher elevation
within tundra-like vegetation, whereas sites FM2 and FM3 are older, much larger and at lower elevation in more forested
settings (Table 1). Samples were collected from the four key geomorphological features common to each slump: seasonally
thawed active layer (AL), Holocene (HO) (and deeper Pleistocene (PL) where exposed) permafrost (PF) layers, freshly thawed
slump debris (DB), and suspended sediments in runoff (RU). These zones are illustrated in the images of the FM3 headwall in
Fig. 1b.

Table 1: Geomorphic characteristics of the four retrogressive thaw slumps studied. Values are based on field measurements
from the 2017 campaign; further site descriptions are provided in Broder et al. (2021), Segal et al. (2016), and Zolkos et al.
(2019).

Site Coordinates Elevation (m) Active-layer depth (cm) Headwall height (m) Scar-zone area (ha) | . (Dﬂeted: 45-55 )
CB 67.182°N, 135.732° W 576 46 5.8 3.4, . (I‘ leted: 5-8 )
SF 67.183°N, 135.811° W 720 56 J.6 <1, o Cr leted: <3 )
FM2 67.257° N, 135.236° W 338 23 242 48 . (Deleted: 4555 )
FM3 67.253° N, 135.273° W 391 b5 9.8 40 ‘Cr leted: 5-8 )
\ (Deleted: 3 )

Site parameters were measured during the sampling campaign in 2017 and are described in more detail by Broder et : CDeIeted: 20-65 )

al. (2021) and Zolkos et al. (2019) (Table 1). In short, active-layer material was sampled from the headwall, permafrost blocks . "(Deleted: up to 24 )
were cut directly from exposed headwalls, and debris and runoff sediments were collected with stainless-steel scoops following (Deleted: 1048 )
the procedures outlined in Broder et al. (2021). Samples were placed in pre-cleaned containers, stored frozen until return to ‘%z::::::f jZ:iSM %
the laboratory, and subsequently freeze-dried, ground, and homogenised prior to analysis. Inorganic carbon was removed by ‘(Delete & 1048 )
acid fumigation with concentrated hydrochloric acid (HCI) for 72 h at 60 °C, following standard procedures for solid-phase k (Deleted: from shallow soil pits )

organic-matter analysis (Harris et al., 2001; Komada et al., 2008). Pre-treated samples from all four sites (CB, SF, FM2, FM3) ( Formatted: Font: (Default) +Body (Times New Roman), 10
pt, Font color: Text 1, English (UK)
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were first analysed using solid total organic carbon analysis (SoliTOC) to provide a bulk assessment of OM content and thermal
lability (Mittelbach et al., 2025). A subset of samples from the larger slumps (FM2 and FM3) was subsequently investigated
by online ramped oxidation-accelerator mass spectrometry (ORO-AMS) and thermally sliced-pyrolysis-gas chromatography
mass spectrometry (Ts-Py-GCMS) to determine the radiocarbon age, energy distribution, and molecular composition of

thermally resolved fractions.

2.2 Solid Total Organic Carbon analysis (SoliTOC)

SoliTOC analyses were carried out to obtain an overall characterisation of OM thermal stability across the
geomorphological features of each thaw slump. For each sample, ~50 mg of pre-treated material was loaded into a ceramic
crucible and analysed using a SoliTOC Cube analyser (Elementar GmbH) following the German industrial standard DIN 19539
(Deutsches Institut fiir Normung, 2016-08). Instrument calibration employed a calcium-carbonate (CaCOs) standard containing
12 % total inorganic carbon (minimum p.A. quality) mixed with aluminium oxide (AL2Os). Analytical accuracy was verified
using two certified reference materials: a high-organic-carbon sediment (Santis SA33802151, 7.45 % C) and a low-organic-
carbon soil (Santis SA33802152, 1.54 % C). Precision within the analytical sequence was assessed using repeated analyses (n
=5 for each standard), yielded standard deviations of 0.05 % C and 0.02 % C, corresponding to relative standard deviations
of 0.7 % and 1.3 %, respectively. Mean recoveries were 97.35 % (SA33802151) and 99.51 % (SA33802152), confirming
stable and accurate instrument performance.

Organic carbon was quantified using three operationally defined temperature steps following DIN 19539: total
organic carbon released during the 400 °C isothermal step (TOCaw), representing a thermally labile pool; residual oxidisable
carbon (ROC), released during the subsequent 600 °C step; and total inorganic carbon (TIC), released during the final 900 °C
step. Rapid heating between steps minimises CO: release during temperature ramps, such that carbon is operationally assigned
to the target isothermal intervals rather than to a continuous temperature ramp_(Mittelbach et al., 2025).

The sum of TOCa0 and ROC was defined as total organic carbon (TOC). Because a small fraction of thermally
recalcitrant OC appears to combust within the nominal TIC window, the operational fractions TOCa00 and ROC should be

interpreted strictly as method-defined thermal lability pools. The ROC/TOC ratio, first introduced as an operational index of

recalcitrance by Mittelbach et al. (2025), may therefore serve as a proxy for intrinsic oxidation resistance but is not necessarily

equivalent to biological lability (see Results and Discussion for an assessment of methodological limitations). For

completeness, total carbon (TC), defined as the sum of TOC and TIC, was also reported to verify bulk carbon consistency

across analytical methods (Supplementary Table S2).

Deleted: The ROC/TOC ratio therefore may serve as a proxy for
intrinsic recalcitrance but is not necessarily identical to biological
lability (see Results and Discussion for an assessment of
methodological limitations).




175 2.3  Online ramped oxidation-accelerator mass spectrometry (ORO-AMS)

To resolve the age structure of OM thermal-lability fractions, ORO-AMS analyses were conducted using the setup
described by Bolandini et al. (2025). This method captures and measures radiocarbon activity of CO: that is released across a
series of temperature windows. Briefly, the system features a dual-oven configuration: the first oven (where the sample is

loaded) applies a linear temperature ramp to progressively oxidise OM from the sample, while the second oven is maintained

180 at constant temperature and contains catalytic material to ensure complete oxidation and removal of non-carbon species.

Released CO: within each temperature window is then purified, trapped using a dual trap molecular zeolite interface (De Maria

et al., 2021), it is first purified, and transferred to an accelerator mass spectrometer (Low Energy Accelerator, LEA, IonPlus)

for radiocarbon measurement (Ramsperger et al., 2024; Synal et al., 2007),, Cl‘ leted: .«

In this study, approximately 40—50 mg of acid-fumigated, homogenised material from each geomorphological feature .. CFormatted: Font: (Default) Times New Roman

185  of the larger thaw slumps (FM2 and FM3) was analysed individually, including replicate combustions of selected samples (10
primary analyses plus 3 replicates). Additional combustions from FM2, FM3, CB, and SF were conducted for pre-screening
and bulk characterisation. In total, more than 30 ORO combustions were performed across all sites. Samples were loaded into
pre-combusted quartz tubes placed within the oxidation reactor. The ramping furnace was programmed to heat linearly at 5 °C

min™' from 150 °C to 900 °C under a continuous flow of 18 % O: in He (90 mL min™). This oxygen-rich carrier gas was used

190  to promote complete oxidative decomposition of the sample and minimise charring during ORO-AMS analysis. The carrier- .. CFormatted: Font: (Default) +Body (Times New Roman)

gas flow of 90 mL min ' was selected based on previous optimisation of the ORO-AMS setup, where this setting provided

stable gas transport, limited reflux or back-mixing, and ensured reproducible CO: transfer to the trapping interface (Bolandini

et al., 2025), A heating rate of 5 °C min' was used to provide sufficient thermal resolution while maintaining adequate CO> .. CFormatted: Font: (Default) +Body (Times New Roman)

yield per temperature interval for AMS analysis. The influence of ramp rate on thermogram shape and activation-energy

195  estimates is explicitly treated in the kinetic framework used here (Hemingway et al., 2017), Nevertheless, because ramp rate <F°rma“:ed: Font: (Default) +Body (Times New Roman)

gas composition, flow rate, and system configuration can influence thermogram shape and apparent thermal metrics

comparisons among RPO/ORO studies should consider operational differences, as also noted for other ramped oxidation and

thermal-—radiocarbon approaches (Dasari and Widory, 2022; Garnett et al., 2023; Stoner et al., 2023), i Cl‘ leted

Radiocarbon analyses were performed on predefined temperature windows (150-240, 240-300, 300-350, 350400, b CFormatted: Font: (Default) Times New Roman

NN

200 400455, 455-510, and 510-600 °C), selected to provide a consistent temperature framework for comparison with the

SoliTOC decomposition scheme. While this alignment facilitates cross-method interpretation, it does not imply direct

equivalence of OM fractions, given the differing analytical conditions and reaction pathways involved. For consistency, we (l‘ leted: organic matter

also calculated an ORO-based ROC/TOC ratio by integrating CO: released between 400 and 600 °C relative to the total CO- ( Deleted: chosen to align with and extend the decomposition
framework established by the SoliTOC analysis.

Jeleased below 600 °C. Temperatures above 600 °C were excluded from radiocarbon analysis because CO: yields were (,. leted: OC

N AN

205 insufficient to sustain a stable AMS ion current and because our focus was on the sub-600 °C domain that corresponds to the

operational ROC threshold used in SoliTOC. However, small amounts of refractory OC may combust above 600 °C in some
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samples (see Results and Discussion for an assessment of methodological limitations). Samples were ramped to 900 °C, but

thermograms are displayed only up to 800 °C because only minimal additional CO, was released above this temperature.

Evolved CO: was continuously monitored and recorded as thermograms_(j.e., plots of CO: yield as a function of

(Deleted:

temperature) providing real-time information on OM oxidation behaviour and decomposition kinetics. Gaussian and Savitzky—

(Deleted:

Golay smoothing were applied to minimise CO2 and temperature instrumental noise. Radiocarbon results were normalised to
Ox-II reference material and corrected for machine and procedural blanks following standard ETH protocols (Synal et al.,
2007) and are reported as fraction modern (F'“C), following the guidelines detailed by Reimer et al. (2004, 2020). Typical
analytical uncertainties ranged from +0.003 to +0.010 F'*C depending on CO: yield (Stuiver and Polach, 1977). For quality
control, bulk-equivalent F'“C was reconstructed as the COz-weighted mean of F'*C results for each ORO-AMS thermal
window and compared to previously published bulk radiocarbon measurements (Supplementary Discussion Table S1, Fig. S1,
Table S3 from Broder et al., 2021).

Subsequent data analysis integrating CO- thermograms with F**C results was performed using the open-source Python
package “rampedpyrox” (Hemingway, 2016). Interpretation followed the mechanistic framework of Hemingway et al. (2017,
2019), which links decomposition profiles to underlying distributions of OM activation energy, E. These distributions, termed
p(0, E), represent the resistance of OM to oxidative decomposition and thus provide an integrated measure of OM reactivity
governed by molecular composition and stabilisation mechanisms. To further compare p(0, E) distributions across samples,
three metrics were extracted: the mean activation energy, Lz, the standard deviation of activation energy, oz, and the activation

energy at which COz release reaches its peak, Emax.

2.4 Thermally sliced pyrolysis-gas chromatography-mass spectrometry (Ts-Py-GCMS)

Ts-Py-GCMS generates molecular fingerprints by thermally decomposing (in the absence of oxygen) non-volatile
OM into volatile compounds, which are then separated by gas chromatography and identified via mass spectrometry based on
molecular weight and fragmentation patterns (Derenne and Quéné, 2015; De Leeuw and Largeau, 1993; Lewis, 1993). Unlike
more conventional flash pyrolysis methods, which generate a molecular fingerprint for one specific temperature (e.g., Kaal et
al., 2009; Tolu et al., 2015), the Ts-Py-GCMS approach used here applies the same step-wise temperature windows as the
ORO-AMS method. As for ORO-AMS, seven windows between 150 and 600 °C were analysed (150-240, 240-300, 300—
350, 350-400, 400455, 455-510, and 510-600 °C), together with an additional high-temperature window (600-850 °C) to

capture the most thermally resistant components. No measurable carbon was detected below 150 °C, While the underlying

processes differ (pyrolytic decomposition for Ts-Py-GCMS versus oxidative combustion for ORO-AMS and SoliTOC). the

use of a common temperature framework provides a reference for comparison of trends across thermal windows, without

implying direct equivalence of OM fractions.

(Deleted: thermal windowseven without
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Analyses were performed using an Agilent 7890A gas chromatograph (GC) coupled via a heated transfer line to a,
time-of-flight mass spectrometer (BenchTOF, Markes International). The GC was equipped with a Gerstel thermal desorption
unit (TDU) pyrolysis system (Gerstel) connected to a cooled injection system (CIS), with a liquid nitrogen cryotrap for
compound focusing (Gerstel). The pyrolysis unit operated in evolved gas analysis (EGA) mode with a heating rate of 1 °C s™
and a maximum temperature of 850 °C. The CIS was initially cooled to —150 °C to trap the volatiles, followed by a fast-heating
ramp to 320 °C with a 1-minute equilibration time, while the GC inlet temperature was maintained at 300 °C. Chromatographic
separation was carried out using a DB5-ms column (30 m x 0.25 mm % 0.25 um). The GC oven programme consisted of a 5-
minute isothermal hold at 40 °C, followed by a ramp of 5 °C per minute to 270 °C, then 10 °C per minute to 320 °C with a
final 10-minute hold. Each run lasted a total of 66 minutes.

Mass spectra were acquired using the BenchTOF instrument operating with an ionisation energy of 70 eV. The
transfer line was maintained at 310 °C, and the ion source at 300 °C. The instrument scanned over an m/z range of 50 to 700
with a time-of-flight resolution better than 7,000 (full width at half maximum, FWHM) and mass accuracy within £0.1 Da.
Mass spectrometry data were processed using the OpenChrom software (Wenig and Odermatt, 2010), with compound
identification aided by matching against the NIST23 Mass Spectral Library. Spectral matches were only considered valid when
their match factor exceeded a reliability threshold of 70%, a commonly accepted cutoff for tentative identification (Bravo et
al., 2017; Tolu et al., 2015). Compound identification and classification followed the approach described by Bravo et al. (2017)
and Tolu et al. (2015), integrating match quality, literature-based retention-time patterns, and biomarker grouping to assign

peaks to major OM compound classes. Because Ts-Py-GCMS involves thermal decomposition under oxygen-free conditions

charring and secondary pyrolysis reactions may occur, particularly at higher temperatures. Therefore, identified compounds

are interpreted as operational pyrolysis products rather than direct molecular inventories of the original OM.

Compound classes identified in this study include branched/cyclic lipids (as markers of microbial origin or thermally
altered OM) and n-alkyl lipids (straight-chain alkanes and alkenes derived from aliphatic biopolymers or thermally transformed
OM). Lignin derivatives were used as biomarkers of vascular plant-derived OM (Kaal et al., 2016; Tolu et al., 2015). Pyrolysis
products of carbohydrates and carbohydrate—cellulose derivatives (e.g., levoglucosan and furfural) were used to represent fresh
biological inputs from plants or microbial exudates (Derenne and Quéné, 2015; Schnitzer and Monreal, 2011). Aromatic
compounds, including phenols and polycyclic aromatic hydrocarbons (PAHs), derive from thermally stable precursor
molecules that can form through microbial degradation, combustion, or advanced diagenesis and may also indicate mineral
stabilisation of OM (Bravo et al., 2017; Kaal et al., 2009). Finally, N-containing compounds represent nitrogen-bearing
molecules originating from microbial biomass, degraded proteinaceous material, or nitrogen-rich polymers such as chitin or

peptidoglycans (Derenne and Quéné, 2015; Schnitzer and Monreal, 2011).
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3 Results

3.1 OM thermal stability across thaw slump features
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Figure 2. Carbon content in thaw slump samples as measured by Solid total organic carbon (SoliTOC) analysis. Bars represent
thermally labile organic carbon (TOCaw,; coloured) stacked above residual organic carbon (ROC; black), expressed as percent
(%) of C content. Each panel (a—d) corresponds to one thaw slump site—SF (blue), CB (yellow), FM?2 (green), and FM3
(red)—with bars grouped by geomorphological feature: active layer (AL), permafrost (PF), debris (DB), and runoff (RU). For
FM?2, both Holocene and Pleistocene permafrost layers were accessible in the field and are shown separately. Where multiple

samples were collected from the same feature, individual sample names are indicated above each bar. *The active layer sample

from FM?2 exhibited exceptionally high TOCswo content (>15%), far exceeding values measured in other geomorphological

units or sites, and contributing to a combined TOCyo + ROC content of approximately 16%.
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Across all four slumps, the DB, RU, and PF features exhibit relatively consistent TOCa00 and ROC contents, with TOCaoo
generally between 1.1 and 1.3 %, and ROC between 0.5 and 0.8 % (Fig. 2). By contrast, the AL shows much greater variability
across sites. In the smaller slumps (CB and SF), AL samples display TOCaoo values around 1.5 % and ROC near 1.2 %, slightly
higher than in the other features of those RTS. In the larger slumps (FM2 and FM3), however, AL TOCa00 concentrations are
markedly higher, ranging from 5 % to over 16 %, while ROC remains between 0.9 and 1.4 %.

The two largest slumps, FM2 and FM3, were selected for thermally sliced radiocarbon and chemical-fingerprint analysis
because their well-developed geomorphic features (distinct AL, PF, DB, and RU zones) provide the most representative and
internally consistent record of thaw-slump evolution across the Peel Plateau. Normalised CO: thermograms reveal distinct
differences in thermal behaviour across geomorphic features and sites (Fig. 3a,c). Again, AL samples show the most

pronounced contrasts. In both FM2 and FM3, CO: release begins early (between 170 and 200 °C) and peaks sharply at

(Deleted:

relatively low temperatures. The FM2 AL sample exhibits a dominant peak near 370 °C with a shoulder plateauing at ~400
°C, while FM3 AL2 and AL3 display bimodal structures: AL2 peaks at ~300 °C and ~450 °C, and AL3 at ~300 °C with a
smaller secondary peak near 450 °C. These patterns correspond to comparatively low activation energies (FM2 AL: pg = 152
kJ mol™, Emu = 159 kJ mol™; FM3 AL2/AL3: g = 152-156 kJ mol™, En = 140-173 kJ mol™). Activation-energy
distributions are broader in AL samples (us = 21-24 kJ mol™) than in PF-derived units, which show similarly elevated but
more consolidated distributions (c£~ 17-24 kJ mol ).

In both slumps, PF samples (FM2 HO1, HO2, PL; FM3 HO) display broad, asymmetric peaks. CO: release begins
gradually near 250 °C, peaks between 370 and 400 °C, and often shows a secondary shoulder near 470 °C with extended high-
temperature tails. These features align with consistently higher activation energies than in AL samples (pe~ 162—-171 kJ mol™;
Emax = 155-161 kJ mol ™). DB and RU samples follow similar trends to their corresponding PF layers. In FM3, both DB and
RU thermograms closely resemble the HO profile and show similarly elevated activation-energy metrics (uz = 163-169 kJ
mol™; Emax ~ 155-161 kJ mol™). The FM3 RU sample exhibits an earlier onset of CO: release (~230 °C), with peaks between
~330 and 380 °C and a secondary shoulder near 450 °C. The FM2 RU sample departs slightly from this pattern, with a peak
centred near 370 °C and a pronounced shoulder around 450 °C, accompanied by activation-energy values comparable to PF
(e =167 kI mol™'; Enax = 157 kJ mol ™).

SoliTOC- and ORO—AMS—derived ROC/TOC ratios show consistent patterns across sample types, with higher values
in PF, DB, and RU (ROC/TOC = 0.25-0.45) and substantially lower values in AL (typically <0.15). However, ORO-AMS

systematically yields higher absolute ROC/TOC values compared to SoliTOC (Fig. S2). Method-comparison analyses show
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Deleted: SoliTOC- and ORO-AMS—derived ROC/TOC ratios

that ROC/TOC patterns are robust across SoliTOC and ORO-AMS, whereas TIC-related metrics are method-dependent and
therefore not used for interpretation; full details are provided in the Supplementary Material (Figs. S2—S4; Tables S2-S3).
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show consistent feature-level patterns, with higher values in PF, DB,

and RU (ROC/TOC =~ 0.25-0.45) and substantially lower values in
AL (ROC/TOC typically <0.15), despite systematically lower
absolute ROC/TOC values reported by ORO-AMS (Fig. S2).




3.2 Thermally-resolved radiocarbon signatures
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Figure 3. Panels (a) and (c): Thermograms showing the concentration of CO: (as area normalized goncentration per °C) as .. (l‘ leted: concetration

a function of temperature during progressive thermal oxidation of samples from thaw slumps FM?2 (a) and FM3 (c). Colours
330 indicate feature type: active layer (AL), debris (DB), runoff (RU), and permafrost (PF), including Holocene (HO) and
Pleistocene (PL) samples and line styles distinguish samples with the same geomorphological feature. All thermograms are
normalised to the same integrated area, following the method of Hemingway et al. (2017). (b) and (d) Radiocarbon content
(F“C) measured across thermal decomposition windows for FM2 (b) and FM3 (d). Symbol shapes represent
geomorphological features: circle = AL, square = DB, triangle = RU, diamond = PF (for FM?2 - open = HO; filled = PL) and

335  measurement uncertainties are too small to be displayed., (l‘ leted: .
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Radiocarbon age distributions across the thermal lability spectrum were analysed for a subset of samples from the two
largest slumps, FM2 and FM3 (Fig. 3b,d; Figs. S5-S14; Table S3). The FM2 AL exhibits a modest decline in F'*C values with
increasing temperature from 0.725 + 0.008 at 150-240 °C to 0.625 + 0.007 at 510-600 °C. (Fig. 3b). A minor decrease also
occurs at 300-350 °C (0.672 + 0.008), followed by the highest F'*C at 400-455 °C (0.729 + 0.008) and a gradual decline at
higher temperatures. By contrast, AL samples from FM3 (Fig. 3d) show consistently lower F'*C values. FM3 AL2 remains
relatively stable, ranging from 0.337 + 0.005 at 150-240 °C to 0.327 + 0.006 at 510-600 °C, while AL3 is even more “C-
depleted, ranging from 0.309 + 0.006 to 0.267 + 0.007, with no significant trend over the thermal range.

Across PF, DB, and RU, F'*C generally decreases with increasing temperature (Fig. 3b,d). The trend is clearest in PF
samples; e.g., in FM2 (Fig. 3b), HO1 F'*C values decrease from 0.262 + 0.005 to 0.102 =+ 0.004, HO2 from 0.209 + 0.005 to
0.123 £ 0.004, and the PL layer reaches 0.015-0.021 in the highest temperature windows, indicating near-radiocarbon-free
material. Interestingly, the FM2 HO2 profile shows a partial reversal, with F*C reaching a minimum at 350400 °C (0.042 +
0.002) before rising to 0.123 + 0.004 at 510-600 °C. FM3 HO (Fig. 3d) exhibits a similar depletion trend, decreasing from
0.106 + 0.004 to 0.023 + 0.002, with a signal near radiocarbon-dead for the highest temperature window.

In FM2, the RU sample exhibits a pronounced decline in F'*C from 0.239 + 0.006 to 0.097 + 0.003 across the thermal
windows, a pattern closely resembling the behaviour of the HO1 layer rather than the deeper PL PF. In FM3, both DB and RU
decrease from initial values of ~0.13 and ~0.12 to 0.025 and 0.041, respectively, at 510-600 °C, which is almost identical to

HO PF. Together, these patterns show that F'“C generally decreases with increasing thermal resistance across most features

with the exception of the AL and a partial rebound observed in the HO2 profile. Finally, weighted-average bulk F'“C

reconstructed from all ORO-AMS thermal windows closely match independent EA—AMS bulk measurements (Fig. S1; R? =
0.99, RMSD ~ 0.03), demonstrating that the thermal-integration approach reproduces bulk F'“C within analytical uncertainty.
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3.3  OM molecular fingerprinting across thermal windows
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Figure 4, Normalized peak area distributions of molecular compound classes across thermal windows (150-850 °C) fors-..

selected thaw slump features (a - ) FM2: active layer (AL), deeper Holocene permafrost (HO2), and runoff (RU). (d - f) FM3:
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active layer (AL2), Holocene permafrost (HO), and debris (DB). Compound classes include nitrogen-containing compounds,
lignin derivatives, branched—cyclic lipids, n-alkyl lipids, phenols, aromatic hydrocarbons, carbohydrates, and cellulose

derivatives, with the F'C fractions measured with ORO on the right, The combined presentation is_intended to relate

molecular composition to thermal stability and radiocarbon age, rather than to imply direct equivalence between fractions

obtained by pyrolysis and combustion-based methods.
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Interpretable Ts-Py-GCMS chromatograms were obtained for (almost) all thermal windows of AL, HO2 and RU from
FM2 and AL2, AL3, HO and DB from FM3 (Fig. 4), whereas other samples (FM2 HO1 and PL, FM3 RU) did not yield usable
data due to low signal intensity or excessive noise in most thermal windows (Figs. S15-S16). Compound-class distributions
generally reflected a progressive shift from labile, oxygen-rich OM at low temperatures to more compositionally altered,
thermally stable material at higher temperatures across all thaw-slump components (peak lists for all analysed samples are

provided in Table S4)._To facilitate interpretation across methods, molecular compound-class distributions are presented

alongside F'C values derived from ORO-AMS for corresponding temperature intervals, providing a combined view of OM

(" leted: organic matter

composition, thermal stability, and radiocarbon age.

In FM2 (Fig. 4a—), AL, HO2, and RU samples display temperature-dependent shifts in the proportions of specific
compound classes. Groups indicating fresh (and potentially bioavailable) OM such as carbohydrates, including cellulose-
derived compounds, dominate the 240-300 °C window but are largely absent above 510 °C. Phenols occur across the full
thermal range, with variable intensities among geomorphic features, whereas lignin derivatives are detected only in the AL
sample. In contrast, proportions of n-alkyl lipids and aromatic hydrocarbons increase progressively with temperature,
becoming most abundant between 510 and 600 °C. N-containing compounds appear mainly at mid to high temperatures (300—
510 °C) and re-emerge in AL and RU in the highest temperature window (600-850 °C). More specifically, the AL sample
contains abundant hemicellulose- and cellulose-derived carbohydrates within the 240-300 °C window (e.g., xylose, arabinose,
glucose, furfural), followed by phenols 300-350 °C and a distinct shift toward aliphatic lipids and aromatic hydrocarbons
between 400 and 510 °C. HO2 contains furfural and branched—cyclic lipids 300-350 °C, transitioning to n-alkyl lipids and
aromatics in the 510-850 °C range. RU displays methylstyrene compounds at 240-300 °C, cellulose pyrolysis products
between 300-350 °C, and increasingly aromatic profiles above 455 °C, with mainly condensed PAHs at 850 °C.

In FM3 (Fig. Ad—f), AL2 (Fig. 4d) and AL3 (Fig. S16) exhibited compound-class distributions broadly consistent
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with those observed for FM2 AL, with a clear progression from carbohydrates and phenols at lower temperatures to increasing
contributions of aliphatic lipids and aromatic compounds at later thermal intervals. Between 350400 °C, both AL2 and AL3
transitioned toward more thermally stable compounds, with rising proportions of phenols, n-alkyl lipids, and aromatics. Above
455 °C, PAHs and N-containing compounds became dominant, particularly in AL3. In contrast, the HO and DB samples (Fig.
4e—f) exhibited an earlier release of hydrocarbons and n-alkyl lipids already within the 150-240 °C window. Carbohydrates
were largely absent from HO but appeared in DB above 350 °C, while phenols and N-containing compounds were mainly
detected at higher temperatures. Chromatograms from the 455-510 °C interval in HO did not yield reliable compound matches.
At lower temperatures (240-300 °C), cellulose pyrolysis products (e.g., furfural), methylstyrene compounds, and short- to
mid-chain n-alkyl lipids occurred across AL2, AL3, HO, and DB. AL2 and AL3 also contained phenols consistent with
lignocellulose decomposition. Both HO and DB yielded n-aldehydes and levoglucosan, while DB additionally released nonanal
and decanal already at 240-300 °C. At the highest temperatures (600-850 °C), persistent compounds included long-chain n-
alkyl lipids, condensed aromatics (e.g., naphthalene derivatives), and N-containing compounds, representing the residual

products of OM decomposition.
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4 Discussion

4.1 OM stability mechanisms across geomorphic features

Thermal behaviour, radiocarbon patterns, and molecular compositions together show that fundamentally different OM
pools are present within the different geomorphic features of the four slumps_(Figs. 2-4). Thermograms from FM2 and FM3
demonstrate that AL material begins oxidising at much Jower temperatures than PF, DB and RU and exhibits a distinct

structure, expressed either as a sharp early peak or as a bimodal profile with comparable low- and mid-temperature
contributions (Fig. 3a,c). These patterns are consistent with lower mean activation energies in AL samples (uz = 152-156 kJ
mol ™) and, particularly in FM3, broader activation-energy distributions (or = 21-24 kJ mol™), reflecting energetically
heterogeneous and comparatively reactive OM pools. In contrast, PF, DB, and RU samples show later onsets of CO: release,

unimodal peaks centred near ~370-400 °C,and pronounced high-temperature tails characteristic of thermally stable carbon.

. C" leted: lopwer

These features coincide with higher pe values (= 162—171 kJ mol™) and consistently elevated but more uniform or values (=~
17-24 kJ mol ™) across deeper units, indicating a dominance of energetically resistant OM with less variability in stabilisation
mechanisms than observed in the AL.

Py-GCMS molecular fingerprints provide a compositional context for these contrasting thermogram shapes when

evaluated within the common temperature framework (Fig. 4), In low-temperature windows (240-350 °C), AL samples are

relatively enriched in carbohydrate- and cellulose-derived pyrolysates compared to PF, DB, and RU, consistent with the
dominance of recently produced, oxygen-rich OM that oxidises early. At higher temperatures (>455 °C), all features show
increasing contributions from aromatic hydrocarbons and long-chain n-alkyl lipids; however, these compounds dominate the
high-temperature fractions of PF, DB, and RU, whereas AL retains a more mixed molecular signature. This enrichment of
condensed and lipid-rich structures in PF-derived material aligns with their broad thermogram peaks and extended high-
temperature tails. Similar temperature-dependent compositional shifts have been reported for permafrost OM elsewhere, where
aromatic and lipid-rich components control high-temperature reactivity (Tolu et al., 2015; Zaccone et al., 2011). Together,
these observations identify the primary molecular divide between biologically active surface horizons and deeper,
cryogenically preserved permafrost-derived pools.

Radiocarbon profiles across thermal windows reinforce this interpretation (Fig. 3b.d), AL samples in FM2 maintain

explanation for these contrasting thermogram shapes when
compared within equivalent thermal windows

- [" leted: Py-GCMS molecular fingerprints provide a mechanistic
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high F'“C values (~0.73-0.63), whereas the FM3 AL samples show lower values (~0.33-0.27), reflecting that AL2 and AL3
were collected from deeper positions within the active layer than the surface AL sampled at FM2, leading to smaller
contributions of recent vegetation and instead greater contributions of older, legacy OM. Although AL samples from both RTS
do not display strictly invariant F'“C values across thermal windows, they show only modest variation relative to PF, DB and
RU samples, and several AL fractions as well as the FM2 HO2 sample even show local increases in F**C with increasing

temperature, indicating that a small fraction of comparatively young OM persists into higher-temperature (higher-energy)
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windows. Such complexity suggests that much of the carbon oxidised across low- to mid-temperature windows derives from
surface-influenced or recently cycled sources with overlapping activation-energy domains rather than a simple “young = low-
T / old = high-T” structure. Also, F'“C values are very different between AL samples from FM2 and FM3; this aligns with
cryoturbated or compositionally heterogeneous soil horizons within this seasonally thawed layer, where young and older OM
can co-occur within similar energetic ranges. In contrast to AL samples, PF, DB and RU display systematic and often steep
declines in F**C with increasing temperature, consistent with sequential oxidation of progressively older and more refractory
pools.

Activation energy-resolved F'“C spectra further support these trends (Figs. S17-S18). AL material retains high to

(" leted: reinforce

intermediate F'*C across low-to-mid E, with only a minor old fraction emerging in the high-£ tail. In contrast, PF, DB and RU
are uniformly depleted across nearly the entire p(0,E) spectrum, with the strongest depletion at highest E values, indicating
that the most oxidation-resistant fractions are also the oldest. FM3 AL horizons show large or values (= 21-24 kJ mol™),
reflecting substantial internal heterogeneity due to mixed plant inputs, cryoturbation, and variable degrees of protection. These
energetic patterns highlight that OM stability arises from interactions between molecular composition, cryogenic preservation,
and physical or mineral protection (Grant et al., 2019; Hemingway et al., 2017, 2019).

Similarly, uz vs. bulk F**C relationships reveal clear clustering (Supplementary materials Figs. S17-18). AL samples
from both slumps occupy a low pig, high F'“C domain, whereas PF, DB and RU plot consistently at higher pz and lower F'C.
As expected, these patterns mirror the thermogram shapes and activation-energy spectra: low g values reflect lower kinetic
barriers associated with labile or less-protected material, whereas high pz values reflect the stronger stabilisation of permafrost-

derived pools. gr patterns follow the same structure: broader distributions in AL, narrower ones in PF-derived material.
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Exceptions—including the HO, high-E young fraction and several AL windows containing young OM at higher

temperatures—likely reflect the presence of protected or mineral-associated OM within active-layer and upper-permafrost

horizons.

Across both slumps, F'*C decreases systematically with increasing pr (Fig. 5a). The corresponding pz —ROC/TOC
relationship (Fig. S19) shows that these energetic differences are reflected in operational thermal recalcitrance: AL consistently
exhibits low ROC/TOC values at low s, whereas PF and mobilised units DB and RU occupy a high-ROC/TOC, high-p field.
Importantly, these relationships describe feature-level end-member behaviour rather than within-feature structure. As shown

above, individual AL samples can host young and old carbon across overlapping activation-energy ranges,and thus do not

domain, whereas PF, DB and RU plot toward higher piz and lower
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follow a strict “young = low-T / old = high-T” rule, Instead, these broader, uz—F"“C and uz—ROC/TOC trends emerge when .

(" leted: internally

contrasting surface versus permafrost-derived pools at the scale of geomorphic units. Together, these trends define two
internally coherent stability domains—“young and labile” versus “old and recalcitrant”—within which OM from FM2 and
FM3 can be consistently interpreted. Having established these domains for the two fully characterised slumps, we now extend

the comparison to all four RTS using the bulk metrics (ROC/TOC and bulk F'*C) available across sites.
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Figure 5. Panel (a) Relationship between F'*C and mean activation energy (ur) across thaw slump samples from the Peel
Plateau. Horizontal error bars represent the standard deviation (or) of the activation energy distributions, reflecting the

energetic heterogeneity of OM thermal decomposition. Panel (b) Bulk F'*C values (from Brdder et al., 2021) are compared

(oa

with ROC/TOC ratios from SoliTOC measurements (see definition in the text) across four thaw slump locations and their
respective features. Different features are indicated by shapes: circles represent active layer (AL), squares debris (DB),
diamonds permafrost (PF), and triangles runoff (RU). Colours correspond to sampling locations: blue for SF, orange for CB,
green for FM2, and red for FM3.

4.2 RTS-scale differences in thermal lability and radiocarbon

Across the Peel Plateau sites, ROC/TOC ratios (from SoliTOC analyses) and bulk F'*C patterns reveal that slump
morphology, vegetation, and active-layer thickness regulate only the surface OM pools, whereas deeper permafrost-derived

material remains compositionally and thermally uniform_(Fig. 5b), At the forested slumps FM2 and FM3, AL horizons show

q -
organic matter

higher TOCa00 and distinct radiocarbon signatures that reflect greater biological inputs and deeper seasonal thaw. FM2 AL is
the youngest and most labile, consistent with substantial modern vegetation input. FM3 AL is more heterogeneous because
AL2/AL3 samples were collected at greater depths within this cryoturbated layer containing a mix of young and older OM. In
contrast, CB and SF—both tundra sites with thin active layers—show lower TOCao0 but still young bulk F'*C, indicating low
OM input rather than rapid turnover. Despite this ecological variability at the surface, PF, DB, and RU units from all four RTS
consistently exhibit higher ROC/TOC and lower bulk F'C, showing that the deep, cryogenically preserved, low-OC
permafrost substrate mobilised by abrupt thaw and erosion is effectively invariant across the region.

These across-slump differences are most clearly expressed when bulk age and thermal partitioning are combined in
ROC/TOC-F*"C space (Fig. 5b). AL samples from all RTS plot within a “young, thermally labile” domain, but their position
reflects ecological setting: FM2 AL is the youngest and most labile; FM3 AL is moderately depleted and intermediate in
stability; and tundra AL (CB/SF) is more thermally resistant yet still young in radiocarbon age owing to limited biological
input. In contrast, PF, DB and RU from every slump occupy a compact, old and recalcitrant cluster. This demonstrates that the
mechanistic distinctions identified previously are not site-specific: the PF-DB-RU continuum forms a consistent, regionally
coherent stability field regardless of vegetation, or slump size. This pattern aligns with prior studies showing that RTS in the
Peel Plateau predominantly mobilise radiocarbon-depleted particulate OM from deeper permafrost with limited compositional
alteration during initial transport (Brdder et al., 2021; Keskitalo et al., 2021; Shakil et al., 2020; Zolkos et al., 2019).

Overall, RTS-scale contrasts indicate that ecological setting and slump morphology primarily influence the composition
and stability of active-layer OM, whereas deeper permafrost-derived pools exhibit consistent thermal and radiocarbon
behaviour across all slumps. Importantly, all four RTS display uniformly low TOC in PF (HO and PL), DB and RU units, with

no evidence for peat-rich or historically high-productivity ecosystems. This pattern aligns with regional mapping and previous
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work showing that the Peel Plateau is largely underlain by glacial/moraine-derived, ice-rich sediments rather than organic-rich
deposits_(Kokelj et al., 2017; Zolkos et al., 2018). The uniformity of PF-derived material across slumps therefore reflects
mobilisation of a broadly homogeneous, low-OC, cryogenically preserved substrate, setting the stage for evaluating its regional

carbon-cycle significance in the next section.

4.3  RTS carbon in regional and circumpolar context

Distilling the feature-level and RTS-level patterns into a regional perspective shows that slumps on the Peel Plateau
primarily mobilise old, thermally stable permafrost-derived carbon, reflecting both their geomorphic configuration and the

moraine-till substrate underlying soils of the region. Across FM2, FM3, CB and SF, deeper PF,—as well as mobilised

(oata.

components DB and RU-—consistently share low bulk F'“C, high ROC/TOC and high g (Fig. 5; Figs. S17-S19), indicating

mobilisation and export of a broadly uniform pool of previously cryogenically preserved, relatively oxidation-resistant OM.
These signatures match regional observations that Peel Plateau slumps export particulate OM largely originating from
permafrost layers exposed at the headwalls rather than recently produced vegetation or active-layer material (Broder et al.,

2021; Keskitalo et al., 2021; Shakil et al., 2020; Zolkos et al., 2019).,

NS
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Deleted: Importantly, the uniformly low TOC contents in PF, HO,

JThe RU samples therefore represent an important transitional pool linking mobilisation of terrestrial material to riverine

export and potential in-stream processing. Their similarity to PF and DB material indicates that runoff exports old, thermally

stable particulate OM with limited alteration during early mobilisation. This material may be transported downstream and

deposited in riverine, deltaic, or coastal sediments, acting as a transient or longer-term particulate carbon sink. However, river

systems are not passive conduits: hydrodynamic sorting, oxygen exposure, changes in mineral association, and microbial

processing may alter OM reactivity during transport. Under such variable conditions, parts of this thermally stable, aged carbon

could still be transformed into dissolved or gaseous forms and contribute to a translocated, delayed greenhouse-gas release, as

recently suggested for aged carbon leakage from the Mackenzie River system (Dasari et al., 2024).

The stability of the exported OM is further supported by incubation studies from the Peel Plateau and comparable
moraine-till permafrost settings elsewhere in the Arctic. Laboratory and field incubations on mineral-rich permafrost soils
from north-west Canada, Alaska, and other glaciated terrains demonstrate that respiration-resistant carbon pools are dominated
by mineral-associated and physically protected fractions, while only a small labile component is rapidly decomposed following
thaw (Estop-Aragonés et al., 2020; Littlefair et al., 2017; Schédel et al., 2014; Vaughn and Torn, 2019). These systems are

characterised by relatively low JOC and strong mineral control on OM stabilisation, closely matching the geomorphic and

DB and RU across all slumps further show that neither FM2/FM3
nor CB/SF host significant extents of peat-rich or historically

ial

productive ecosystems—consistent with a gl
substrate.

oraine, ice-rich
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substrate conditions of the Peel Plateau. The persistence of old, high- pg, high-ROC/TOC carbon in PF, DB and RU observed
here mirrors these results, indicating that slump processes in this region primarily redistribute protected permafrost material
downslope with minimal compositional alteration, rather than triggering substantial early-stage degradation. These findings

contrast with observations made for so-called Yedoma permafrost. This late Pleistocene, syngenetic, silt-dominated, ice-rich
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permafrost contains some of the highest TOC and ground-ice contents in the Arctic, storing ~327-466 Gt C globally and
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representing up to one-third of the deep-frozen carbon pool (Martens et al., 2023; Strauss et al., 2017, 2025). This substrate
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contrast has direct implications for carbon dynamics: erosion of Yedoma deposits can mobilise extremely carbon-rich and

comparatively microbially labile OM, as shown by incubation and field studies reporting high respiration rates and rapid

carbon losses following thaw (Knoblauch et al., 2013; Strauss et al., 2017; Vonk et al., 2013). In contrast, thaw slumps

developed in moraine—till terrains mobilise permafrost carbon characterised by Jower TOC concentrations and strong mineral

occurs in North Asia, whereas the Canadian share is small and
spatially restricted
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association, resulting in compositionally uniform, physically protected OM that resists rapid oxidation. Substrate type therefore
plays a central role in determining the fate of eroded permafrost OM and must be explicitly considered when extrapolating

thaw-slump impacts to the pan-Arctic scale.

5 Conclusions

Across thermal, isotopic, and molecular measurements, our results show that organic-matter stability in Peel Plateau
thaw slumps is primarily structured by geomorphic origin and protection state, with a clear contrast between active-layer
material and permafrost-derived carbon. The active layer contains younger and more reactive OM influenced by contemporary
vegetation inputs, but cryoturbation and increasing sampling depth allow older, legacy carbon to contribute within this horizon.

In contrast, permafrost material, is uniformly radiocarbon-depleted, thermally stable, and compositionally resistant. The
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similarity to debris and runoff, indicates, Jargely downslope mobilisation of permafrost-derived OM rather than jn situ

(patas.

decomposition.

Thermal resistance and F'C activity generally covary across these features, but not through a simple ordering of
“young = low E” and “old = high E.” Activation energy-resolved F'“C spectra and Ts-Py-GCMS compound classes show that
young and old fractions can overlap in energetic space due to mineral association, aggregation, and cryogenic preservation.
This explains why AL horizons can retain stabilised, higher-energy fractions, and why PF horizons include components of
differing energetic stability. Despite this heterogeneity, PF, DB, and RU consistently occupy high-energy, radiocarbon-
depleted domains, while AL remains restricted to lower-energy, younger or intermediate-age spaces, confirming that the
dominant controls on OM stability lie in source, composition, and degree of protection.

A key outcome is that early-stage RTS mobilisation does not substantially alter the thermal stability or radiocarbon
characteristics of PF-derived particulate OM. Instead, slumping primarily redistributes compositionally resistant, ancient

carbon downslope with little evidence for rapid transformation, consistent with observations from other mass-wasting—

dominated systems_with similar geological settings,,These patterns are consistent across all four RTS (FM2, FM3, CB, and 4

SF), despite pronounced ecological differences in active-layer composition. Forested and tundra slumps show contrasting AL

properties, but their PF horizons, as well as thaw-eroded debris (DB) and exported runoff material (RU), are characterised by
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ice-rich geological setting of the Peel Plateau. Unlike Yedoma, which consists of thick, syngenetic, ice-rich, and carbon-dense
deposits, moraine/till terrains host lower-TOC, cryogenically reworked material with distinct stabilisation histories. RTS
developed in such substrates therefore likely mobilise a fundamentally different permafrost carbon pool than Yedoma-derived

slumps, Predicting the fate of thaw-mobilised permafrost carbon thus requires integrating OM age, composition, and energetic

stability within geomorphic context. By resolving how these properties co-vary across RTS features and across slump types,
this study provides a mechanistic basis for understanding why RTS preferentially export long-preserved, protected OM and
how these processes shape downstream carbon fluxes in glacial-moraine landscapes. Such structure-informed perspectives are

essential for constraining Arctic carbon-cycle feedbacks under continued warming.
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Supplementary tables

Table S1. Summary of integrated thermal stability and radiocarbon parameters for each sample. Columns show: sample name,

maximum activation energy (Emx, kJ mol™), mean activation energy (Emcan, kJ mol™) with standard deviation (+ kJ mol™),

maximum probability density po(E), residual oxidisable carbon to total organic carbon ratio (ROC/TOC, %), threshold

temperature for ROC/TOC (°C), estimated mass of ROC carbon (ug), weighted fraction modern radiocarbon (F'*C) with

standard deviation (+), total carbon mass (ug), and associated mass error (+ pg).

Sample
Name

Fm2_AL
Fm2_HOI
Fm2_HO2
Fm2_PL
Fm2_RU

Fm3_AL2
Fm3_AL3
Fm3_HO
Fm3_DB
Fm3_RU

E_max
(kJ/mol)

158271
156.015
160.526
152256
156.767

172.556
140.226
162.030
160.526
156.767

E_mean
(kJ/mol)

151.802
165.165
161.850
162.963
166.908

151.955
155535
170921
168.637
166.908

E_std
(kJ/mol)

17.086
20.700
17.133
19.731
19913

21151
23718
24275
22510
19913

PO(E)_max

0.027
0.022
0.029
0.022
0.019

0.021
0.017
0.019
0.020
0.019

ROC/TOC
(%)

4.300
33.100
31.900
38200
40.300

14.600
31.700
36.400
38.700
35.600

Threshold
ROC/TOC
Temperature (°C)
477.000
441.100
417900
413300
429200

451.600
406.000
438.700
428.500
419.000

Estimated
ROC Carbon
(ng)

53.877
155.063
197.858
261.191
214926

148.104
167.240
203.082
189.067
227.568

Weighted F*C  F*Cstd ()

0.704
0.120
0.072
0.021
0.115

0333
0.282
0.036
0.039
0.049

0.009
0.007
0.006
0.005
0.007

0.008
0.008
0.005
0.005
0.005

Total Carbon
Mass (ug)

1252.964
468.467
620.243
683.745
533314

1014414
527.571
557917
488.546
639237

Total Mass Error
(& pg)

31716
11.858
15.700
17.308
13.500

25678
13.354
14.123
12367
16.181



20 Table S2. Bulk carbon composition of each sample. Columns show sample name, total sample weight (mg), total carbon
content (TC, %), total organic carbon (TOC, %), total inorganic carbon released at 900 °C (TIC, %), organic carbon released

at 400 °C (TOCuaoo, %), and residual oxidisable carbon (ROC, %).

Name Weigh (mg) TC (%) TOC (%) TIC (%)
Fm2 AL 31.500 16.646 16.297 0.349
Fm2 HOI1 79.700 1.143 1.028 0.115
Fm2 HO2 64.800 1.114 0.984 0.131
Fm2 PL 54.100 1.404 1.252 0.152
Fm2 RU 55.600 1.473 1.304 0.168
Fm3 AL2 40.300 7.575 7.276 0.299
Fm3 AL3 39.900 3.691 3.411 0.280
Fm3 HO 61.700 1.297 1.153 0.144
Fm3 DB 61.600 1.301 1.158 0.144
Fm3 RU 64.200 1.585 1.439 0.146
CB ALl 40.200 1.857 1.646 0.210
CB AL2 44.000 3.708 3.499 0.209
CB_AL3 45.700 2.700 2.500 0.200
CB AL4 41.600 2.094 1.880 0.215
CB_HO 64.600 1.316 1.174 0.142
CB DB 55.400 1.656 1.499 0.157
CB RU 59.200 1.569 1.422 0.147
SF_AL 59.500 1.952 1.793 0.159
SF_HO 60.400 1.444 1.291 0.153
SF_DB 72.900 1.262 1.139 0.123

SF RU 60.300 1.495 1.349 0.146
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Table S3. Summary of ORO-AMS measurements for all samples and thermal windows. Columns show: sample ID, thermal

window (°C), oxidation start time (to, s), oxidation end time (t_f, s), carbon mass released per thermal window (ug) with

associated uncertainty (+ pg), fraction modern radiocarbon (F'“C) with standard deviation (+), proportional contribution to

total carbon release (fraction), mean activation energy (£, k] mol™) with standard deviation (+ kJ mol™), and stable carbon

isotope composition (3'*C, %o).

Sample

Fm2_AL
Fm2_AL
Fm2_AL
Fm2_AL
Fm2_AL
Fm2_AL
Fm2_AL
Fm2_AL

Fm2_HOI
Fm2_HOl
Fm2_HOl
Fm2_HOL
Fm2_HOl
Fm2_HOl
Fm2_HO1
Fm2_HOI

Fm2_HO2
Fm2_HO2
Fm2_HO2
Fm2_HO2
Fm2_HO2
Fm2_HO2
Fm2_HO2
Fm2_HO2

Fm2_PL
Fm2_PL
Fm2_PL
Fm2_PL
Fm2_PL
Fm2_PL
Fm2_PL
Fm2_PL

Fm2_RU
Fm2_RU
Fm2_RU
Fm2_RU
Fm2_RU
Fm2_RU
Fm2_RU
Fm2_RU

Temperature
Window (°C)

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

10 (5)

1385
2533
3436
4190
4956
5794
6633
8024

1359
2509
3415
4180
4936
5773
6615
8010

1358
2486
3402
4155
4920
5759
6599
8008

1468
2607
3518
4262
5023
5868
6722
8113

1472
2602
3501
4279
5037
5877
6718
8109

tf(s)

2532
3435
4189
4955
5793
6632
8023
10031

2508
3414
4179
4935
5772

6717
8108
10204

Mass thermal
window (ug)

74.891
251496
282.838
339519
207.709

76.437

20.073

0457

5.074
48510
88.143

105293
84.113
77528
59.805

3.061

4.287
59.748
119.813
179.549
137.144
75.094
44.609
0.137

8.994
76.160
138.081
160.359
123.992
108.077
68.081
1.625

3.575
45.649
92559

111.741
114.933
99.387
65.469
4.611

Mass error
&ng)

1.896
6366
7.159
8.594
5258
1.935
0.508
0.012 NA

0.128
1228

0.091
1.156
2343
2.829
2.909
2516
1.657
0.117 NA

FlC

0.725
0.713
0.672
0.708
0.729
0.699
0.625

0262
0.205
0.139
0.107
0.096
0.091
0.102

0209
0.127
0.079
0.042
0.052
0.088
0.123

0.105
0.045
0.021
0016
0015
0.012
0.021

0239
0.192
0.131
0.108
0.093
0.106
0.097

FCstd
@)
0.008
0.008
0.008
0.008
0.008
0.007
0.007

NA

0.005
0.004
0.003
0.003
0.003
0.003
0.004
NA

0.005
0.004
0.003
0.002
0.002
0.003
0.004
NA

0.003
0.002
0.002
0.001
0.001
0.001
0.001
NA

0.006
0.004
0.003
0.003
0.003
0.003
0.003
NA

fraction

% UG U E Wm0 O E W 0003 E W= 00O s W —

® NG AW -

E
(kJ/mol)
124
134
146
158
167
180
195
205

130
136
147
157
171
184
197

132
137
148
158
168
184
194

129
136
147
157
171
184
195

132
137
147
158
171
183
197
210

Estd. (=
kJ/mol)

I N IR IR=N

MO NN UUa WA

[ R IR =N

R Y



Sample

Fm3_AL2
Fm3_AL2
Fm3_AL2
Fm3_AL2
Fm3_AL2
Fm3_AL2
Fm3_AL2
Fm3_AL2

Fm3_AL3
Fm3_AL3
Fm3_AL3
Fm3_AL3
Fm3_AL3
Fm3_AL3
Fm3_AL3
Fm3_AL3

Fm3_HO
Fm3_HO
Fm3_HO
Fm3_HO
Fm3_HO
Fm3_HO
Fm3_HO
Fm3_HO

Fm3_DB
Fm3_DB
Fm3_DB
Fm3_DB
Fm3_DB
Fm3_DB
Fm3_DB
Fm3_DB

Fm3_RU
Fm3_RU
Fm3_RU
Fm3_RU
Fm3_RU
Fm3_RU
Fm3_RU
Fm3_RU

Temperature

Window (°C)
150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

150-240
240-300
300-350
350-400
400-455
455-510
510-600
600-900

10 (s)

NA

1566
2703
3615
4368
5136
5967
6820

NA

tf(s)

2702
3614
4367
5135
5966
6819
8255

2840

5267
6111
6958
8341
10665

2703
3595
4356
5119
5957
6806
8193
10508

2564
3481
4241
4987
5833
6677
8065
10379

Mass thermal
window (ng)
106.600
231.053
188.344
144.903
203.368
113911
26.235
0.000

43.726
112.809
101437

85.077

90473

61.264

32785

7.877

5925
49912
87.868

112.679
108.595
92931
100.007
26833

4.864
43.497
82.889

105309
94.050
80.504
77433
13.925

15.129
82297
128.834
137.515
112279
98.011
65.172
7.000

Mass error
(@ pg)

2.698
5.849
4.768
3.668
5.148
2.883
0.664
0.000 NA

1.107
2.856
2.568
2.154
2290
1551
0.830
0.199 NA

0.150
1263
2224
2.852
2.749
2352
2531
0.679 NA

0.123
1.101
2.098
2.666
2.381
2038
1.960
0352 NA

0383
2.083
3.261
3.481
2.842
2481
1.650
0.177 NA

FC

0337
0339
0324
0329
0341
0328
0327

0309
0294
0268
0.295
0271
0272
0267

0.106
0.074
0.049
0.038
0.031
0017
0.023

0.133
0.084
0.050
0.038
0.028
0.024
0.025

0.116
0.071
0.050
0.043
0.043
0.042
0.041

F'Cstd
(S
0.005
0.007
0.006
0.006
0.005
0.005
0.006

NA

0.006
0.005
0.005
0.005
0.005
0.005
0.007
NA

0.004
0.003
0.002
0.002
0.002
0.002
0.002
NA

0.004
0.003
0.002
0.002
0.002
0.002
0.002
NA

0.003
0.003
0.003
0.002
0.002
0.002
0.002
NA

fraction

XUV U E W — P UGN E W= 000 E W = 00 a0 oW —

X G e W —

E
(kJ/mol)

121
133
145
159
171
179
193

0

122
133
145
158
171
182
197
222

129
136
147
158
170
185
199

130
136
147
158
170
185
198
218

126
135
147
157
171
183
197
215

Estd. (£
kJ/mol)

co oo wvaao

T auu0 S %00 auaa0 5000 a-ad-a0 S0
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Table S4. Summary of identified peaks from Py—-GCMS analyses across thermal windows (150-850 °C) for Fm2 and Fm3
samples. See separate file PyroGCMS Fm2 Fm3 150 850.csv. Columns include Source File, Sample, Peak Number,
Retention Time, Peak Area, Peak Area [%], Target (OpenChrom identification), and Classifier (compound group).

Supplementary figures

Bulk vs Weighted (corrected) F14C — FM2 & FM3

074 --—- 11 -
— oLs
D FM2 & FM3

0.6 1

0.5 1

0.4 1

0.3 A1

Weighted F'*C (corrected)

0.2 1 OLS:y = 0.989 x + -0.016

Rz =0.990,n =10
Bias = -0.019
LoA = [-0.059, 0.022]

0.1+

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bulk F4C (EA-AMS)

Figure S1. Comparison between thermally integrated (weighted) and bulk F'“C values for thaw-slump samples from FM2 and
FM3 both in circles Bulk F14C were taken from Broder et al. (2021). The 1:1 line (grey dashed) marks perfect agreement.
Weighted values closely reproduce bulk F'“C measurements (OLS = 0.989 x — 0.016; R? = 0.99), confirming that the thermal

integration approach captures the bulk radiocarbon signal within analytical uncertainty.

Comparison of ROC/TOC ratios derived from SoliTOC and ORO-AMS reveals consistent trends across geomorphic features,
validating the use of this metric for assessing OM thermal stability. In both datasets, PF, DB, and RU samples exhibit moderate
6
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to high ROC/TOC values, indicating a dominance of thermally resistant carbon in remobilised and permafrost compartments.
In contrast, AL samples — especially from FM2 — display lower ROC/TOC ratios (e.g., 0.24 for SoliTOC and 0.12 for ORO—
AMS), reflecting greater contributions from labile and biologically active OM. While absolute values differ, typically with
ORO-AMS reporting slightly lower ROC/TOC ratios, the relative order remains consistent across sites. The difference arises
because ORO-AMS resolves oxidation continuously across the thermal spectrum, whereas SoliTOC defines discrete
temperature intervals. This finer resolution leads to what was previously described as “more granular thermal fractionation,”
meaning that ORO-AMS captures partial oxidation within the 400 °C boundary rather than assigning all remaining carbon
above this point to the ROC fraction.

The coherence between these two independent methods therefore primarily demonstrates analytical comparability — that

carbon oxidised below 400 °C in one system tends to do so in the other — rather than implying direct geomorphic control.
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Figure S2. Cross-plot comparison of ROC/TOC ratios obtained from SoliTOC and ORO-AMS analyses for thaw-slump

samples from FM2 (green triangles) and FM3 (red circles). The 1:1 line (grey dashed) indicates perfect agreement. A consistent

- C"' d: red

offset is observed, with ORO-AMS reporting systematically higher ROC/TOC values (slope = 0.71, R? = 0.76, bias ~ 0.12),
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reflecting methodological differences between continuous and stepped combustion.
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However, when interpreted together with thermogram and molecular data, the pattern still supports a geomorphic gradient in
OM reactivity: thermally stable carbon accumulates in PF, DB, and RU, while the AL retains fresher, more reactive OM

influenced by vegetation cover, thaw depth, and cryogenic disturbance. Differences in absolute ROC/TOC ratios between

SoliTOC and ORO-AMS are largely methodological. The continuous ramping approach of ORO-AMS and the discrete

temperature steps of SoliTOC partition intermediate thermal fractions differently, leading to systematic offsets in ROC/TOC

values. In particular, intermediate-temperature carbon fractions may be assigned differently between methods, resulting in
higher apparent ROC/TOC values in ORO-AMS compared to SoliTOC. This offset (~0.2 on average in our dataset) is
consistent with inter-method differences reported in similar comparative studies. These method-inherent biases highlight the

value of using multiple thermal approaches to constrain OM reactivity and underscore the complementarity of SoliTOC and
ORO-AMS,

Deleted: Diff: in absolute ROC/TOC ratios between

SoliTOC and ORO-AMS are largely methodological. SoliTOC may
overestimate ROC because any carbon not oxidised at 400 °C is, by
definition, considered recalcitrant — even if some of that material
would combust at slightly higher, still labile, temperatures (e.g.,
420-480 °C) (Natali et al., 2020; Stoner et al., 2023). By grouping
such intermediate fractions into the ROC pool, SoliTOC inflates the
proportion of “recalcitrant” carbon. Conversely, ORO-AMS may
underestimate ROC/TOC because its continuous ramping design
assigns part of this intermediate carbon to lower temperature
windows, reducing the apparent size of the ROC pool. This
systematic offset (~0.2 on average in our dataset) is consistent with
inter-method differences reported in similar comparative studies.
These method-inherent biases highlight the value of using more than
one thermal approach for constraining OM reactivity and underscore
the complementarity of SoliTOC and ORO-AMS.
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TIC/TC (SoliTOC)
Figure S3. Cross-plot comparison of TIC/TC ratios obtained from SoliTOC and ORO analyses for thaw-slump samples from
FM2 (green triangles) and FM3 (red circles). The 1:1 line (grey dashed) marks perfect agreement. Values show large scatter
and no systematic 1:1 relationship (slope = 0.26, R = 0.03, bias ~ -65.1), indicating that TIC/TC is highly method-dependent.
This reflects the very small carbon fraction oxidised >900 °C and differences in operational temperature windows, integration

procedures, and instrument sensitivity between SoliTOC and ORO.
10
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The two metrics show poor agreement and substantial scatter relative to the 1:1 line, with a systematic tendency for ORO to

yield Jower TIC/TC values than SoliTOC. This directional bias reflects fundamental differences in how carbonate

(oa

d: higher

decomposition is achieved by the two instruments. SoliTOC relies on fixed isothermal holds between 600 and 900 °C, during
which some high-temperature carbonates (e.g. Mg-rich or Fe-bearing phases) may not fully decompose, leading to
underestimation of TIC. In contrast, ORO applies continuous high-temperature oxidation under pure O, which more

completely decomposes residual carbonates and produces larger TIC signals.

Superimposed on this directional offset is substantial scatter. Because TIC represents <1 % of total carbon after acidification,
small variations in CO: yield, baseline subtraction, or signal integration translate into large relative differences when expressed
as TIC/TC. The ORO detection chain is also more sensitive to minor adsorption, leaks, or memory effects than SoliTOC’s
direct TGA-IR configuration, further amplifying variability in this tail fraction. Together, these effects demonstrate that

TIC/TC is strongly method-dependent and unsuitable for quantitative cross-method comparison.

By comparison, total organic carbon (TOC) measured by SoliTOC closely matches independently measured OC from
elemental analysis (EA) (Fig. S4; R*=10.99, slope = 1.00), confirming robust bulk carbon quantification. Total carbon estimates
derived from ORO-AMS are also comparable to EA-OC values (Table S3), although agreement is less systematic because
ORO-based values rely on mg-precision mass determination rather than direct carbon quantification. Consequently, inter-
method interpretation is restricted to the more robust operational fractions (TOCs0 and ROC), which show consistent

behaviour across techniques.

11
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120  Figure S4. Cross-plot comparison of TC measured by SoliTOC and OC measured by elemental analysis (EA) for thaw-slump
samples (Broder et al., 2021) from FM2 (green triangles) and FM3 (red circles). The 1:1 line (grey dashed) indicates perfect

agreement. TC and OC(EA) show near-identical values across samples (slope = 1.00, R? = 0.99, bias ~ —0.20), confirming that

12
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SoliTOC-derived total carbon closely matches independent EA-OC measurements after acidification and indicating robust

quantification of the bulk organic carbon pool.

To verify the consistency of total organic carbon quantification across independent analytical methods, we compared TC values
from SoliTOC with OC measurements obtained via elemental analysis (EA). All samples were acidified prior to both analyses,
ensuring that measured carbon corresponds to organic carbon. The cross-plot (Fig. S4) shows excellent agreement between
the two methods, with all samples falling close to the 1:1 line and a regression slope of ~1.00 (R? = 0.99). The small absolute
bias (=—0.20 %) indicates slightly lower TC values from SoliTOC relative to EA, but the deviation is within expected
analytical uncertainty for low-mass permafrost samples. This strong correspondence demonstrates that SoliTOC reliably
quantifies bulk organic carbon, and that downstream ratios (TOCa0/TOC, ROC/TOC) are not affected by methodological

inconsistencies in total-carbon estimation.

13
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Figures S5. Thermogram of FM2-AL shows CO: release as a function of temperature for each sample, overlaid with corresponding F'“C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
fraction (%), and the weighted F'*C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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Figures S6. Thermogram of FM2-HO1 shows CO: release as a function of temperature for each sample, overlaid with corresponding F'*C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
140  fraction (%), and the weighted F'“C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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Figures S7. Thermogram of FM2-HO2 shows CO: release as a function of temperature for each sample, overlaid with corresponding F'*C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
fraction (%), and the weighted F'“C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

145  content, and the distribution of mass across the thermal profile.
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Figures S8. Thermogram of FM2-PL shows CO: release as a function of temperature for each sample, overlaid with corresponding F'“C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
fraction (%), and the weighted F'“C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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150  Figures S9. Thermogram of FM2-RU shows CO: release as a function of temperature for each sample, overlaid with corresponding F'“C values

across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass

fraction (%), and the weighted F'*C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon
content, and the distribution of mass across the thermal profile.
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Figures S10. Thermogram of FM3-AL2 shows CO: release as a function of temperature for each sample, overlaid with corresponding F'*C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
fraction (%), and the weighted F'*C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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Figures S11. Thermogram of FM3-AL3 shows CO: release as a function of temperature for each sample, overlaid with corresponding F'*C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
160 fraction (%), and the weighted F'“C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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Figures S12. Thermogram of FM3-HO shows CO: release as a function of temperature for each sample, overlaid with corresponding F*C values

across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass

fraction (%), and the weighted F'“C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon
165 content, and the distribution of mass across the thermal profile.
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Figures S13. Thermogram of FM3-DB shows CO: release as a function of temperature for each sample, overlaid with corresponding F'*C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass
fraction (%), and the weighted F'“C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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170  Figures S14. Thermogram of FM3-RU shows CO: release as a function of temperature for each sample, overlaid with corresponding F'*C values
across defined thermal windows. For each thermal window, the legends show the calculated carbon mass released (with associated error), the mass

fraction (%), and the weighted F'*C (with standard deviation). These data illustrate the relationship between carbon release dynamics, radiocarbon

content, and the distribution of mass across the thermal profile.
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Figure S15. Normalised Ts-Py-GCMS peak-area distributions across thermal windows (150-850 °C) for Fm2 features.

Top two rows (a—j): stacked plots showing compound-class distributions across thermal windows. Each feature is represented
by paired panels — top includes all compounds; bottom excludes “not identified” compounds to emphasise major classes (N-
containing, lignin derivatives, branched/cyclic lipids, n-alkyl lipids, phenols, aromatic hydrocarbons, carbohydrates, and

cellulose derivatives). Feature—panel mapping: (a, f) active layer (AL); (b, g) Holocene permafrost shallow (HO1); (c, h)
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Holocene permafrost deep (HO2); (d, 1) Pleistocene layer (PL); (e, j) runoff (RU). Bottom two rows (a—e): scatter plots showing
relative contributions of major compound classes versus thermal window for each geomorphic feature, highlighting contrasts

in compound release, preservation, and compositional variability across Fm2.
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Figure S16. Normalised Ts-Py-GCMS peak-area distributions across thermal windows (150-850 °C) for Fm3 features.

Top two rows (a—j): stacked plots showing compound-class distributions across thermal windows. Each feature is represented

by paired panels — top includes all compounds; bottom excludes “not identified” compounds to emphasise major classes (N-

containing, lignin derivatives, branched/cyclic lipids, n-alkyl lipids, phenols, aromatic hydrocarbons, carbohydrates, and

cellulose derivatives). Feature—panel mapping: (a, f) shallow active layer (AL2), (b, g) deep active layer (AL3), (c, h) Holocene
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permafrost (HO), (d, i) runoff (RU), (e, j) debris (DB). Bottom two rows (a—e): scatter plots showing relative contributions of
major compound classes versus thermal window for each geomorphic feature, highlighting systematic compositional shifts

with temperature and pronounced contrasts between shallow and deep active layers.
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Figure S17. Energy distribution of organic matter thermal stability across geomorphic features at the Fm2 sit, following the

energy model framework of Hemingway et al. (2019). Panels (a— ¢) show energy density profiles for: (a) active layer (AL),

(b) and (c) Holocene permafrost (HO1, HO2), (d) Pleistocene permafrost (PL), and (e) runoff (RU). The top row displays

energy distributions derived from ORO-AMS oxidation steps, while the bottom row overlays corresponding F'“C values on

the energy axis. This comparison highlights how carbon age aligns with thermal stability across geomorphic units.
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Figure S18. Energy distribution of organic matter thermal stability across geomorphic features at the Fm3 site, following the
energy model framework of Hemingway et al. (2019). Panels (a)—(e) display the energy density profiles for: (a) active layer 2
(AL2), (b) active layer 3 (AL3), (c) Holocene permafrost (HO), (d) slump debris (DB), and (e) runoff (RU). The upper row
presents energy distributions derived from ORO-AMS oxidation windows. The lower row overlays the corresponding F'“C

205 values on the same energy axis, illustrating the relationship between carbon age and energetic stability across compartments.
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Figure S19. Cross-plot comparing the operationally defined recalcitrant-to-total organic carbon ratio (ROC/TOC) from ORO-
AMS with mean activation energy (nE) derived from kinetic modelling. Error bars denote +cE, representing standard
deviations of activation-energy distributions. Samples from FM2 (green triangles) and FM3 (red circles) follow a coherent
trend in which higher ROC/TOC values generally correspond to higher activation energies, indicating that thermally resistant
carbon fractions are associated with more energetically stable material. Variation within each site reflects differences in

organic-matter composition across geomorphic units (AL, PF, DB, RU).
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