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Abstract. The last deglaciation is the most recent relatively well-documented period of pronounced and fast climate warming
and, as such, it holds important information for our understanding of the climate system. Notably, while research into terrestrial
organic carbon reservoirs has been instrumental in exploring the possible sources of atmospheric carbon dioxide during periods

of rapid change, the underlying mechanisms are not fully understood. Here we investigate the mobilization of organic matter

5_,to the Bay of Biscay, located in the northeastern Atlantic Ocean off the coasts of France and Spain. Specifically, we focus _on
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the arca that was the mouth of the Channel River during the last deglaciation, where an enhanced terrigenous input has been
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reported for the Jast glacial-interglacial transition, We conducted a comprehensive,suite, of biomarker, analyses (e.g., n-alkanes
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hopanes, and n-alkanoic acids) and, isotopicgnvestigations (radiocarbon dating and ¢'*C measurements) on,a high- resolution,

sedimentary, archive, The present study provides, the, first, direct, evidence, for, the, fluvial, supply, of, immature, and,

7 7. ( Deleted: ancient terrestrial organic matter to the coy

(i8-8

T

40 ancient terrestrial organic matter to the core location. Moreover, our results reveal the possibility of permafrost carbon export to

the ocean, driven by processes such as deglacial warming and glacial erosion. These findings are consistent with observations

from other regions characterized by present or past permafrost conditions on land, which have shown that permafrost thaw and

glacial erosion can lead to carbon remobilization, potentially influencing atmospheric carbon dioxide levels.
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1 Introduction
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15_High-latitude permafrost soils hold ga. 1000 Pg of soil organic carbon (C) in the upper 3 m of the northern circumpolar region
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(Hugelius et al., 2014). This immense amount of C is in the form, of frozen, organic, matter, (OM), the, thawing of whic

greenhouse gases, inducing positive feedback mechanisms that have implications for the C cycle on a global scale (Zimov et
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al., 2006; Schuur et al., 2008, 2009; Hugelius et al., 2014; Schuur et al., 2015). While, current, climate, change, raises, concerns,
about, the,stability of these massive pools of organic C (Vonk et al., 2012; Schneider Von Deimling et al., 2015), the dynamic
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20, character of Earth’s climate means that past trends and variability can be examined to improve future projections of this effect.
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The hypothesis, of.a combined contribution of ancient, terrestrial, C, potentially, derived, from, thawing permafrost, and marine C
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sources, to, elevated atmospherig levels of, carbon, dioxide (CO2),and, methane (CHa), during the, last deglaciation, is discussed, in,
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several studies (Ciais et al., 2012; Kohler et al., 2014; Bauska et al., 2016; Crichton et al., 2016; Simmons et al., 2016). Over the

course of the Last Glacial Maximum (LGM), large expanses, of, continuous, permafrost were, found, in the, Eurasian, continent,,

25 covering much of central and western Europe, in areas where permafrost cover today no longer exists (Vandenberghe and Pissart.
1993: Levavasseur et al., 2011; Vandenberghe et al., 2012; Z4k et al., 2012; Schaefer et al., 2014; Vandenberghe et al., 2014)
(Figure 1). These, regions, comprise, the, southern, edge, of, the, LGM, permafrost,area, and, according to Kdhler et al. (2014), are

likely to have gxperienced a rapid loss of massive amounts of ancient C as a result of thawing during the lastdeglaciation.

However, while direct evidence for the deglacial remobilization of ancient C from permafrost has been reported for the Arctic,
30 (Tesi et al., 2016; Keskitalo et al., 2017; Martens et al., 2019, 2020; Wu et al., 2022) and subarctic (Winterfeld et al., 2018;
Meyer et al., 2019), similar, data, are, still, lacking for, the, European, real
basis, of enhanced terrigenous, biomarker, concentrations, in, sediment, cores(Ménot et al., 2006: Rostek and Bard, 2013; Soulet

etal., 2013).
During the LGM, continental glaciers were part of the European landscape. The Fennoscandian (FIS) and the, British-Irish

«\!

where, the, phenomenon, has, been, suggested, on, the,

35, (BIIS) ice sheets covered most of Britain, Ireland, Northern Europe and the North Sea (Bowen et al., 2002; Svendsen et al.

2004; Mangerud et al., 2004), contributing to the lower eustatic sea level and altering coastlines (e.g., Fairbanks, 1989; Lam-
beck, 1997; Lambeck et al., 2014). This sea-level lowstand, paired with the configuration of the BIIS and the FIS, led to a

reorganization of major European drainage basins, with continental runoff being funnelled through the English Channel(Gib-

bard, 1988). The so-called Fleuve Manche or Channel River received the runoff of major European rivers, carrying meltwaters

40, from, glaciers, and, icg sheets, (e.g., Antoing et al., 2003; Bourillet et al., 2003) (Figure 1), As g consequence, changes, in, the, «

<

(
(
(

*'( Formatted
( Deleted: (Tesi et al.,

(

i (Formatted: Body Text, Right: 0.28 cm

Deleted: much of

Deleted: including Northwest

Formatted

Formatted .. [36]

Deleted: Central...estern Europe, covering the region from

Poland through Germany, the Netherlands and Belgium

into France and Great Britain, ...n areas where permafrost

cover today no longer extends (Vandenberghe and Pissart,

1993). ... [37]
Formatted: Body Text, Indent: Hanging: 0.69 cm, Right:
0.28 cm, Space Before: 0 pt

Deleted: ¢

Deleted: Kohler et al. (2014), ...HYPERLINK \l
"_bookmark66"Kohler et al. (2014), are likely to ha:
undergone

)

Ve
. [41]

. 38]
(. 140])
C.42)

Formatted

o

Formatted

Deleted: 25 2016; Keskitalo et al., 2017; Martens et al.,
2019, 2020; Wu et al., 2022) and subarctic (Winterf("_ 743]

hydrological cycle in Europe during the last glacial-interglacial transition jnduced a strong response from this system., result-

ing in increased water flow in the Channel River and its tributaries (e.g.g4Vénot et al., 2006; Toucanne et al., 2009, 2010).

Permafrost developed in the glacier-free areas of the continent and towards the end of the last glaciation it is likely to have
reached, its, maximu
45 (Vandenberghe et al., 2014).

Permafrost encompasses a diverse range of organic-rich deposits, including ancient peat, organic-rich soils, and potentially

mineral soils, all of which can become stabilized (frozen) under permafrost conditions, preserving C within them. There is

evidence for the presence of several peatlands with active peat deposition in northern latitudes (> 40°N), including Northern

Europe, during the last interglacial (130 - 116 kyr BP; Treat et al., 2019). Although the occurrence of permafrost during the

50 LGM likely resulted in the long-term burial of peatland OM, deglacial permafrost thawing may have led to the fluvial export of

peat-derived OM to the ocean (see e.g., Scheful} et al., 2016; Garcin et al., 2022). In addition to permafrost, petrogenic material

carried by glacial meltwater may have been another source of fossil OM to the oceans during the last deglaciation. Following

glacial retreat, the mechanical erosion of bedrock such as oil shales mobilizes petrogenic C, which is transported as finely

ground glacial meal to the oceans (Koppes and Hallet, 2002, 2006). Therefore, if we are to accurately quantify the

55 impact of the permafrost C feedback on Earth’s climate, it is imperative to distinguish between the possible origins of the OM

deposited on the continental margins over the course of the last deglaciation. Considering the presence of shale formations in

Europe (e.g., Zhao et al., 2022), our study explores two primary hypotheses regarding the origin of OM: permafrost-derived
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Figure 1. Northwest Europe during the LGM. The blue arrow indicates the downstream course of the Channel River from the eastern flank

contours indicate the approximate limits of the ice sheets at ca. 17 ka BP (Patton et al., 2017). The yellow dot illustrates the location where
core GeoB23302-2. used in the present study,was retrieved,Map,based,on that in Ménot et al. (2006), who studied core MD95,2002, from g
hearby,Jocationyred dot).

OM. which includes peat preserved in past permafrost-covered European regions. and OM originating from petrogenic sources.

Here, we analyzed organic biomarkers and conducted compound-specific radiocarbon ('“C) measurements on n-alkanoic acids
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60 isolated from a high-resolution, well-dated marine sediment core retrieved from the Channel River outflow to evaluate these

hypotheses.
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of our analyses, please refer to the following subsections. All the elemental, isotopic and biomarker analyses described in

65 this section were conducted as part of the present study. In this research we used several analytical tools to examine core
GeoB23302-2 (47926.61°N, 8°28.67°W.; 2167 m water depth) (Figure 1). The chronology of the sedimentary sequence was

established using an age-depth model constructed with the '*C ages of planktic foraminifera in the OxCal software (Bronk

Ramsey, 1995, 2009a). Elemental ratios were obtained through X-ray fluorescence (XRF) core scanning. The coarse fraction
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70 report the ratio Zr/Rb as an elemental measure of grain size, which has been used as a proxy for, river runoff (Dypvik and Har-

ris, 2001; Kylander et al., 2011; Wang et al., 2011; Wu et al., 2020). Similarly, given that iron (Fe) is normally associated with

continental weathering products and that the calcium (Ca) content in the sediment primarily reflects the presence of marine

carbonate, here we use the Fe/Ca ratio as, a provenance, indicator, reflecting, variations,in terrigenous sediment delivery (Arzet
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85 we used the fractional abundance of hopanes of biological origin, e.g., bacteria-derived hopanes, in relation to their diagenetic
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95 2.1 Sampling and core chronology

Core-GeoB23302-2-was-recovered-from-the-Celtic-Margin;-off the-English-Channel (47°26.6 1°N.-8°28.67*W:-2167-m-water-

depth) (Figure 1), with the help of a gravity corer during cruise MSM 79 of the research vessel Maria S. Merian. The core

location is in close proximity to the site where core MD95 2002, which has been studied in previous publications (e.g., Ménot

et al., 2006; Toucanne et al., 2015). was retrieved (47°27°N, 8°32°W) (see Figure 1). The chronology of our 700 cm core was

= 'CMoved (insertion) [1]

h (F 'ormatted: Font: Times New Roman, Bold
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established based on seven radiocarbon accelerator mass spectrometry ('*C-AMS) measurements of planktic foraminifera (G.

bulloides and N. pachyderma) picked at specific depths (Table 1). The preparation and measurement of these samples followed

well-established protocols routinely run at the MICADAS '#C laboratory of the Alfred Wegener Institute (AWI) (Mollenhauer

etal., 2021). The '*C ages were uploaded to the OxCal software version 4.4.2 (Bronk Ramsey, 1995, 2009a), and assuming that

the deposition is a Poisson process, the P Sequence model was employed for the construction of an age-depth model for core

GeoB23302-2 (Bronk Ramsey., 2008; Bronk Ramsey and Lee, 2013). This deposition model (Figure 2 in the Supplementary

Material) uses the global marine calibration curve Marine20 (Heaton et al., 2020), and a local marine reservoir correction AR

0f 94 + 45 '*C yr (Tisnérat-Laborde et al., 2010). It is important to note that while Marine20 incorporates larger MRA estimates

for the last glacial period than Marinel3, these estimates are considered more realistic due to methodological improvements

in the former (Heaton et al., 2020, 2023). A general outlier analysis was employed to account for possible outliers within the

chronological model (Bronk Ramsey, 2009b). The code is available in the supplementary material accompanying this paper.

2.2 Elemental analyses
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The-XRF-characterization-of core-GeoB23302-2-was-performed-using the-XRE-Core-Seanner H-(AVAATECH Serial No:-2)at-

the Center for Marine Environmental Sciences (MARUM), University of Bremen, Germany. Measurements were performed

at 1 cm intervals for the upper 3.5 m of the core and at every 2 ¢cm for the remaining section. The scan resolution was set to 1

B

cm with 2 running rounds, during which the elements were detected with 10 and 30 kV of tube voltage. In order to account for
the closed sum effects of water content, grain size and OM amount (e.g., Weltje and Tjallingii, 2008), we report theelemental
ratios Zr/Rb and Fe/Ca.

2.3 Biomarker analyses and derived indices

Sedimentsamples taken at 10 cm intervals from core GeoB23302-2 were freeze-dried and homogenized. For each depth, ap-

proximately 3 ¢ of sediment were subsampled and underwent ultrasonic extraction with a mixture of dichloromethane:methanol

9:1 (v:v). This step was repeated three times and the total lipid extracts obtained were then saponified with 0.1 M potas-

sium hydroxide (KOH) in methanol:water 9:1 at 80 °C for 2 h. This procedure resulted in the separation of the neutral

lipids and n-alkanoic acids fractions, which were subsequently extracted using n-hexane and dichloromethane (at pH 1), re-

spectively. Next, silica gel chromatography was employed to further split the neutral lipids via elution with n-hexane and

dichloromethane:methanol 1:1 (v:v).yielding the n-alkanes and GDGTs subfractions, respectively. The n-alkane concentra-

tions were measured via gas chromatography (GC) using a 7890A GC (Agilent Technologies) equipped with a flame ionization
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detector (FID) and DB-5MS fused silica capillary columns (60 m, ID 250 gm, 0.25 um film coupled to a 5 m, ID 530 um deac-

tivated fused silica precolumn). Retention times and the comparison with an n-alkane standard were used for the identification

of different compounds whereas quantifications were achieved through the use of an internal standard (squalane) added to the

130 sample prior to extraction. We calculated n-alkane-derived indices, namely the CPlax (e.g., Bray and Evans, 1961; Marzi et al.

1993):
PI ase i1;__ Cos+ Cog+ Cog+ C31+ Ca3 1C25+ Cor+ Cogt+ C31 +Cs3 )
| Cou+Ca+Cag+Ci+Csy  Cag+Cag+Ci0+Cra+Caa
135
and the Pag (Ficken et al., 2000):
Co3+Cos
Pag = L
Cos + Cos + ChoF G5y

140 Hopanes were analyzed via GC coupled with time of flight mass spectrometry (GC-TOF-MS) and such a system consisted of <. .. (Moved (insertion) [5]
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programmable cooled injection system (CIS4, Gerstel). The measurements were performed using the instrumental setup N (Moved (insertion) [6]
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described in Hefter (2008) and identification was achieved through the relative retention times and mass spectra. The sum of ~. CFOl‘mB“ed: Font: Arial
m/z 191 and 205 was used for the quantification of homohopane isomers (Cs1), namely the 174,218 (H), 22R homohopane, . (Formatted: Font: Arial, 14 pt
145 the 174210 (H), 22R + 17,21 (H), 22S homohopanes, the 17,214 (H), 22R homohopane, and the 170,215 (H), 22S ’CFormatted; Space Before: 0.3 pt
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by High Performance Liquid Chromatography (HPLC) were performed on an Agilent 1200 series HPLC system coupled to an

Agilent 6120 single quadrupole MS via an atmospheric pressurechemical ionization interface (APCI), broadly following the

method described in Hopmans et al. (2016). The chromatographic separa- tion of individual GDGTSs was achieved via the use

of two UPLC silica columns in series (Waters Acquity BEH HILIC, 2.1 mm x 150 mm, 1.7 um and a 2.1 mm x 5 mm pre-

column of the same material) maintained at 30 'C. Positive-ion APCI-MS
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and selective ion monitoring (SIM) of (M+H)" ions (Sinninghe Damsté et al., 2000) or ion-source fragmentation products of

OH-GDGTs (Liu et al., 2012) allowed the identification of GDGTs. Quantification was performed with the use of an internal

standard (C4-GDGT) added prior to extraction. For this research, we calculated the BIT index (Hopmans et al., 2004):

A

160

I+ 17+ 117
BIT=__"—— " “)
I+ 1T+ 111 +cren

where the roman numerals refer to specific GDGTSs characteristic of terrestrial bacteria and cren stands for crenarchaeol, which

is derived from marine planktonic Thaumarchacota.

165 2.4 Compound-specific radiocarbon analyses (CSRA)
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Soxhlet-extraction-was-employed-for-the-compound-specific-14€ dating-of-high-motecular-weight n-atkanoic-acids:-For-that-

purpose, approximately 100 g of freeze-dried and homogenized sediment taken from selected depths in core GeoB23302- 2
were extracted for 48 h using a mixture of dichloromethane:methanol 9:1 (v:v). Total lipid extracts were saponified with

0.1 M KOH in methanol:water 9:1 at 80 °C for 2 h and the n-alkanoic acids were recovered from the saponified solution

using n-hexane at pH 1. Next, n-alkanoic acids were methylated at 80 °C overnight in a nitrogen atmosphere with HCI and

methanol of known '*C signature to yield the fatty acid methyl esters (FAMEs) that were later extracted with n-hexane. Silica

gel chromatography was employed to separate FAMEs from polar compounds. The 7-Cas.0, n-Css.0 and n-Cso.0 alkanoic
acids underwent purification via preparative capillary GC (PC-GC; Eglinton et al., 1996) on an Agilent HP6890N GC with

aGerstel Cooled Injection System (CIS) connected to a Gerstel preparative fraction collector (Kusch etal., 2010). A Restek

Rxi-1ms fused silica capillary column (30 m, 0.53 mm diameter, 1.5 ym film thickness) equipped the GC. Injection was

performed stepwise with 5 4L per injection and, at the end of the process, the purity of the FAMEs was checked by analyzing
aliquots of the samples via GC-FID. The purified FAMEs were transferred to tin capsules (25 L volume; ELEMENTAR)

using dichloromethane, dried on a hot plate at 40 “C and packed. An Elementar vario ISOTOPE EA (Elemental Analyzer)

was used for the combustion ofthe samples, generating CO, with carbon isotopic ratios directly determined by the connected
MICADAS system. Reference standards (oxalic acid II; SRM 4990C) and '*C-free CO» gas had their '“C content measured

togetherwiththesamples. The BATSsoftware (Wackeretal.,2010) wasused forblank correctionsand standard normalization

and the final results are reported as fraction modern carbon (Fp).

2.5 Assessment and correction of CSRA procedure blank

The preparation procedures for CSRA introduce exogenous C, i.e., contaminants, to samples. The degree of contamination

varies according to the methods employed and, in our case, processes such as column bleed and carry-over during prep-GC

compound isolation may contribute to this. For this reason, assessing the Fm and the size of the blank (Fmbiank and mpian«.

8

'(Moved (insertion) [10]

h CF 'ormatted: Font: Times New Roman, Bold

N

: (Formatted: Space Before: 0.45 pt

: CFormatted: Space Before: 0 pt

NI AN

. (Moved (insertion) [11]

b 'CFormatted: Space Before: 0 pt

N

= CF 'ormatted: Font: 10 pt

'CFormatted: Space Before: 0 pt

. (Moved (insertion) [12]

‘CDeleted: <object>

NI/ N AN
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blank correction following the method outlined in Sun et al. (2020). Isotopic mass balance was employed in order to make a

correction-for-the-methyl-group-added-during the-derivatization-of the samptes: Uncertainties were fully propagated:

2.6 Pre-depositional '*C ages of terrigenous compounds

The A'C values of the n-alkanoic acids analysed here were corrected for radioactive decay between 1950 and 2021, which is

the year of measurement. These values were then used to calculate the A™C values at the time of deposition:

) Alic
A" Cipigigr=" =——+1 AL

1000 ~

-1,000 (%)

e —1

195 where Aisa decay constant (1/8,267 yr') and tis the time of deposition. The A'C values of the atmosphere contemporaneous

with the compounds (A'*C a1m) were obtained from comparison with the IntCal20 dataset (Reimer et al., 2020) using the age

ranges given by the deposition model for the respective sediment layers. Finally, pre-depositional '“C ages for the n-alkanoic
acids were given by:

1 + A" Cinitia/1, 000
1 +AC 2m/1,000

A=-8,033 -In

(6)
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