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In this study, we investigated surface sediments collected along a Mackenzie Trough transect during the R/V
Araon expeditions (ARA04C, ARAO5C, and ARAO8C) in the Beaufort Sea in 2013, 2014, and 2017. We applied
various inorganic and organic geochemical tools (major elements, carbon and nitrogen contents, stable carbon
and radiocarbon isotope compositions, and molecular biomarkers) in combination with sedimentological mea-

53¢ . o . . .
Alg surements (mineral surface area (SA) and grain size) to assess the source and burial characteristics of organic
n-alkanes carbon (OC). In general, the sediment mean grain size decreased with water depth whereas the SA increased,

resulting in a decrease in the OC loading and the burial efficiency of terrestrial OC. The sedimentary OC was
further influenced by the loss of terrestrial OC and replacement with marine OC with increasing water depth.
Accordingly, our results suggest that hydrodynamic sorting and degradation of terrestrial OC co-occurred
together with the enrichment of marine OC with distance offshore. Such processes controlled the burial and
reactivity of terrestrial OC along the Mackenzie Trough transect.

Lignin phenols

1. Introduction

Permafrost regions cover approximately a quarter of the Northern
Hemisphere land surface (Zhang et al., 1999) and contain ~1300 Pg of
soil OC (Hugelius et al., 2014); this exceeds the current atmospheric
carbon pool (860 Pg, Friedlingstein et al., 2019) and is equivalent to
~40% of the global soil OC (Tarnocai et al., 2009). Recent amplified
Arctic warming is twice as fast as the global average (IPCC et al., 2013);
this has caused significant permafrost thawing, leading to growing
concerns for potential positive permafrost carbon-climate feedbacks
(Schurr et al., 2015; Grosse et al., 2016). Ongoing climate change is
predicted to increase the Arctic permafrost thaw-release of soil OC to the
Arctic Ocean via river discharge and coastal erosion (Gustafsson et al.,
2011; Barnhart et al., 2014; Haine et al., 2015). Following permafrost
release, aged OC is either buried in coastal sediments, transported to
deeper basins, or degraded to greenhouse gases such as CO, (Stein and
MacDonald, 2004; Sanchez-Garcia et al., 2011; Semiletov et al., 2016).
Therefore, it is essential to understand the ultimate fate of thawed
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permafrost OC in marine environments to better predict future Arctic
carbon cycles and climate change (Vonk and Gustafsson, 2013).

In the Canadian Beaufort Sea, the Mackenzie Shelf (area of 64,000
km? and length of 150 km) extends from the coastal lowlands of the
Yukon and Northwest Territories of Canada to the shelf break at
approximately 80 m water depth (Shearer, 1971). The shelf represents
less than 2% of the Arctic Ocean’s total shelf area (Stein and MacDonald,
2004). The Mackenzie Trough borders the Mackenzie Shelf to the west
and the Amundsen Gulf to the east. The Mackenzie River delivers sus-
pended particles to the Mackenzie Shelf, is the largest Arctic river in
terms of sediment discharge (~127 x 10° t/yr; Stein and MacDonald,
2004), and the fourth largest in terms of freshwater discharge (~306 +
10 km3/yr; McClelland, 2016). The Mackenzie River is therefore the
largest single source of sediments to the Arctic Ocean that even exceeds
the total sediment discharge of all other Arctic rivers combined (Stein
and MacDonald, 2004; O’brien et al., 2006). Moreover, the Mackenzie
River is the primary source (95%) of particulate terrestrial organic
matter to the Mackenzie Shelf (Macdonald et al., 1998). The Mackenzie
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Trough is a 75-km-wide, ~130-km-long glacial cross-shelf valley
(Rampton, 1982) and is an important conduit for the export of sus-
pended particles (via the Mackenzie River) and the deposition of sedi-
ments in the Canada Basin (Blasco et al., 1990; Carmack and Macdonald,
2002). Thawing permafrost in a warming Arctic is expected to amplify
the delivery of terrestrial OC to the Arctic shelves (e.g., Mann et al.,
2022). Thus, knowledge about the fate of terrestrial OC during
cross-shelf transport is a key to understand to what extent
permafrost-derived OC would be sequestered in marine sediments,
regulating the atmospheric CO, levels on geological timescales (e.g.,
Eglinton et al., 2021).

Previous studies in the Canadian Beaufort Sea have investigated the
origin of sedimentary OC in the Mackenzie Shelf using sediment bulk
characteristics, including the total nitrogen to total organic carbon ratio
(N¢ot/TOC), and the stable carbon and radiocarbon isotope compositions
(e.g., Macdonald et al., 1998; Naidu et al., 2000; Goni et al., 2000, 2005,
2013; Magen et al., 2010; Vonk et al., 2015). Other studies have
investigated surface sediments at the molecular level, including n-al-
kanes, sterols, and lignin phenols (Yunker et al., 1995, 2005; Goni et al.,
2000, 2005, 2013; Belika et al., 2004; Drenzek et al., 2007). High mo-
lecular weight (HMW) n-alkanes are derived from vascular plant leaf
waxes (Eglinton and Hamilton, 1967) and thus have been widely used as
a terrestrial biomarker in the Arctic Ocean (e.g., Yunker et al., 1995,
2005). Sterols have been used as source markers of both higher plants
and marine phytoplankton (e.g., Huang and Meinschein, 1976; Volk-
man, 1986). Lignins are common to all vascular plants (Hedges and
Mann, 1979), whereas cutins are mainly associated with the soft tissues
of vascular plants such as leaves and needles (e.g., Goni and Hedges,
1995). Hence, both lignin phenols and cutin acids have been commonly
used as terrestrial biomarkers in the Arctic Ocean (e.g., Goni et al., 2000,
2013; Vonk et al., 2015). Overall, the previous studies using molecular
biomarkers showed that terrestrial OC accounts for the majority
(50-80%) of OC in shelf and slope surface sediments. However, most
sediment samples in these studies were collected before 1987. Consid-
ering the abrupt climatic change in the Arctic over the last decades,
these studies may not capture the recent pace of Canadian Arctic
permafrost thawing, particularly as the Arctic is warming much faster
than the global average.

In this study, we considered ten surface sediment samples collected
during three expeditions of R/V Araon (ARA04C, ARAO5C, and
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ARAO08C) in the Beaufort Sea in 2013, 2014, and 2017 to investigate
spatial variation in sedimentary OC composition along a transect in the
Mackenzie Trough. For this purpose, we applied both bulk (SA, grain
size, major elements, carbon and nitrogen contents, and stable and
radioactive isotopic compositions) and molecular (n-alkanes, sterols,
lignin phenols, and cutin acids) parameters. Our main objectives were 1)
to investigate first-order controls on OC loading, 2) to constrain the
source and degradation status of sedimentary OC, 3) to assess the burial
efficiency of terrestrial OC, and 4) to discern the source contribution
(biogenic and petrogenic OC) of sedimentary OC, by comparing our
results with previously published data in the study area (Goni et al.,
2005, 2013; Drenzek et al., 2007; Magen et al., 2010; Hilton et al., 2015;
Vonk et al., 2015). Our results from the Mackenzie Trough transect
provide new insights into the burial and reactivity of terrestrial OC in the
Canadian Beaufort Sea.

2. Materials and methods
2.1. Sample collection

We used a box corer and a multi-corer to collect surface sediment
samples (0-1 cm; n = 10) along the Mackenzie Trough during three
cruises on the Korean icebreaker RV Araon (ARA04C, ARAO5C, and
ARAO08C) in the Canadian Beaufort Sea in 2013, 2014, and 2017 (Fig. 1,
see also Table S1). The collected sediments generally consisted of olive-
gray clayey silt. Once recovered, the cores were sliced at 1-cm intervals,
placed in glass jars, stored frozen, and freeze-dried for further analyses.

2.2. Surface area analysis

Specific SA analyses were performed using a particle and pore size
analysis system (NanoPlus, ASAP2420 AutoporelV) at the Korea Basic
Science Institute (KBSI, Jeonju Center). The freeze-dried, unground
subsamples (~0.5 g) were desalted three times by mixing with 50 mL
Milli-Q water, centrifugation (1 h at 30,000xg), and removal of super-
natant water, followed by freeze-drying. To remove organic material,
the freeze-dried samples were then heated to 350 °C for 12 h and then
gently cooled to room temperature over 12 h. Prior to analysis, the dry
samples were degassed at 200 °C for 2 h in a Micromeritics FlowPrep
060 Sample Degas System under a constant N5 flow. Each analysis was

¢ Mackenzie deta (Gofi et al 2005, 2013; Hiton et al, 2015)
@ Mackenzie Trough (Magen et al, 2010; Vonk et al, 2015)

|4 _ Mackenzie Shelf (Goii etal, 2005,2013; Drenzek et al, 2007;
JF| M Magen et al, 2010; Vonk et al, 2015)

&

Bl A Beaufort slope (Goil et al,, 2005, 2013; Drenzek et al., 2007;
Magen et al., 2010; Vonk et al., 2015)

Fig. 1. Map of the study area in the Beaufort Sea showing major Arctic rivers flowing into the Arctic Ocean. Open circles mark the sampling sites in the Mackenzie
Trough, and open triangles indicate the sites in the Beaufort slope. The sample locations from previous studies are also displayed with different colors and symbols.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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initiated by measuring the free space in the vial. The specific SAs were
measured using an Ny gas adsorbate in a He atmosphere, with six
pressure point measurements (relative pressure p/p0 = 0.05-0.3,
equilibration time 5 s, following Mayer (1994)). The analytical precision
was better than +9%, and the instrument performance was monitored
using the SA reference material Carbon Black (21.0 + 0.75 m?/g; SO
9277:2010) provided by Micromeritics.

2.3. Grain size analysis

Grain size distribution was determined following the procedure
previously reported by Joo et al. (2019). Briefly, an aliquot (~5 g) of the
freeze-dried subsamples was treated with 5 mL of HyO5 (35%) to oxidize
organic matter. Grain size analysis for sediments smaller than 63 pm was
performed using a Mastersizer 3000 laser particle size analyzer (Malvern
Panalytical B.V, Netherlands) at the Korea Polar Research Institute
(KOPRI). The quality check of measurements was routinely performed
by analyzing a standard sample (Quality Audit Standard for Mastersizer
3000 dispersion units, Hydro EV, QAS4002; D(10): 37.3 pm, D(50): 71.9
pm, D(90): 104.5 pm). The resulting analytical precision was as follows:
D(10): 37.5 £+ 0.3 pm, D(50): 71.4 &+ 0.2 pm, D(90): 104.0 £ 0.0 pm.

2.4. Major element analysis

The freeze-dried subsamples (0.1 g) were completely dissolved in a
4:4:1 mixture of HNOs, HF, and HClO4. After the sample was dried on a
hot-plate, refluxed several times in 6.0 M HCI to remove fluorides, and
then redissolved in 5% HNOs. The chemical composition of the inor-
ganic phase was measured at the KBSI (Ochang Center) using induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES,
OPTIMA 8300, PerkinElmer) for major elements (Al and Si). Typical
uncertainties were +5% obtained from repeated analyses of the U.S.
Geological Survey basalt standard powders (BCR-2, BHVO-2, and BIR-
1).

2.5. Bulk organic geochemical analysis

The freeze-dried subsamples were homogenized using an agate
mortar prior to the bulk geochemical analyses. The samples were treated
with 10% HCI for 24 h to remove carbonates prior to the TOC analysis.
Nitrogen content was determined in a bulk sample (total nitrogen, N¢ot)
and a KOBr/KOH-treated sample (Silva and Bremner, 1966), which
represented the inorganic nitrogen bound as ammonium to clay min-
erals (Niporg)- The carbon and nitrogen contents and carbon isotopic
composition were determined at Hanyang University using an elemental
analyzer (Euro EA3028, EuroVector, Milan, Italy) interfaced with an
isotope ratio mass spectrometer (Isoprime 100, GV Instruments, UK)
according to Kim et al. (2019). The carbon and nitrogen contents and
their isotopic values were calibrated using two internal standards—CH6
(C = 42.1 wt%, 5'3C = —10.44%o0) and N1 (N = 21.4 wt%)—certified by
the International Atomic Energy Agency (IAEA, Austria). The stable
carbon isotope ratios of OC (613C0rg) were reported using the 8 notation
(per mil) with respect to the Vienna Pee Dee Belemnite (VPDB). The
analyses were performed at least twice, with analytical errors better
than 0.05 wt% and 0.05%o for carbon and 0.01 wt% for nitrogen. The
organic nitrogen content (Norg) wWas then calculated as the difference
between Nior and Ninerg (Schubert and Calvert, 2001). Radiocarbon an-
alyses of OC were conducted at the Alfred-Wegener-Institute (AWI,
Bremerhaven, Germany) following standard procedures. Radiocarbon
data were reported in the delta notation (A14C0rg, %o), as the modern
fraction (Fm), and as the conventional T4c age for each sample (e.g.,
Stuiver and Braziunas, 1993, and references therein).

2.6. Solvent-extractable lipid analysis

Lipid extraction and purification for different compound classes and
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analyses by gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS) were conducted at KOPRI following the pro-
cedure previously described by Kim et al. (2018; 2019). In brief, the
freeze-dried and homogenized subsamples (~2 g) were extracted by
sonication (dichloromethane (DCM)/methanol (MeOH); 2/1 v/v, 3 x 3
mL) and then partially purified to remove polar components and
elemental sulfur using a tetrabutylammonium (TBA) sulfite reagent.
Internal standards (5a-androstane and 5-a-androstan-3f-ol) were added
before extraction for the quantification of n-alkanes and sterols,
respectively. The total extracts were separated into apolar (n-alkanes)
and polar (sterols) fractions using hexane:DCM (9/1, v/v) and DCM:
MeOH (1/1, v/v), respectively. The n-alkanes were analyzed with an
Agilent 7890B GC (Agilent Technologies, Santa Clara, CA, USA) equip-
ped with a flame ionization detector using a DB-5 fused silica capillary
column (30 m x 0.25 mm, 0.25 pm, J&W Scientific). The sterols were
derivatized using N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
and measured on an Agilent 7890B GC coupled to a 5977B Series Mass
Selective Detector (Agilent Technologies, Santa Clara, CA, USA) using a
DB-5 column (30 m x 0.25 mm, 0.25 pm, J&W Scientific). Errors
associated with the concentrations of n-alkanes and sterols were typi-
cally <10% based on the replicate analysis of the same sediment sample.

2.7. CuO oxidation product analysis

CuO oxidation of sediment samples and analyses by GC-MS were
conducted at the Institute of Marine Sciences-National Research Council
(ISMAR-CNR) according to the method described by Tesi et al. (2014).
Briefly, the freeze-dried and homogenized subsamples (~300 mg) were
mixed with 300 mg of cupric oxide (CuO), 50 mg of ammonium iron (II)
sulfate hexahydrate (Fe(NH4)2(SO4)2:6H20), and 20 mL of 2 M
Ny-purged NaOH solution in Teflon tubes. Microwave-assisted alkaline
CuO oxidation was carried out using a MARS6 microwave at 150 °C for
1.5 h. After oxidation, a known amount of an internal recovery standard
(ethyl vanillin and cinnamic acid) was added. Afterward, the samples
were acidified with concentrated HCl to pH 1, and phenols were
extracted twice from the water phase using ethyl acetate (EtOAc). After
removing residual water from the supernatant using anhydrous sodium
sulfate (NaSQO4), the solvent was evaporated under Ny, and the samples
were redissolved in pyridine. Prior to the analyses, the oxidation prod-
ucts were derivatized with BSTFA and 1% trimethylchlorosilane (TMCS)
at 60 °C for 1 h to yield trimethylsilyl derivatives. The molecular
composition was examined on an Agilent 7820A GC coupled to a 5977B
Series Mass Selective Detector (Agilent Technologies, Santa Clara, CA,
USA) in single ion monitoring (SIM) mode using a DB1-MS capillary
column (30 m x 0.25 mm, 0.25 pm, Agilent J&W). Errors associated
with phenol concentration data were typically <10% based on the
replicate analysis of the same sediment sample.

3. Results
3.1. Sediment properties

The mineral-specific SA values ranged from 28 to 41 m?/g (mean +
standard deviation; 37 + 4 m?/g), showing an increasing trend with
water depth (Table S1). The surface sediments were predominantly
composed of silt (48 + 8%) and clay (51 + 9%), with a minor sand
proportion of 0.1-2.8% (0.8 + 1.1%) (Table S1). Generally, the silt
percentage decreased and the clay percentage increased with water
depth. The mean grain size varied between 2.4 and 6.5 pm (3.6 + 1.5
pm) and decreased with water depth. The Al and Si concentrations
varied between 6.6% and 7.6% (7.1 £+ 0.4%) and between 23.6% and
27.0% (25.2 + 1.1%), respectively (Table S1), and the Al/Si ratio
showed an increasing trend with water depth.
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3.2. Elemental and isotopic compositions

The TOC contents were similar along the Mackenzie Trough, ranging
from 1.6 to 2.0 wt% (1.8 & 0.1 wt %) (Fig. 2A). The total nitrogen (N¢or)
content varied between 0.15 wt% and 0.20 wt% (0.18 £ 0.02 wt %),
while the total organic nitrogen (Norg) contents were one order lower
(0.06 + 0.02 wt %) and showed an increasing trend with water depth
(Fig. 2B). Thus, the organic fraction accounted for only 22-41% of the
Niot- The TOC/Nyo ratios (commonly quoted as C/N) were between 8.7
and 11.3 (9.9 * 0.8), while the TOC/Ny,, ratios were much higher at
values of 22.9-52.3 (32.4 + 10.8). Similarly, the molar Ny,;/TOC ratios
(0.12 £ 0.01) were different from the molar Nog/TOC ratios (0.03 +
0.01) and showed an increasing trend with distance offshore (Fig. 2C).
The 613C0rg values varied between —26.7%o0 and —24.7%. (—25.7 +
0.6%o0), showing a clear increasing trend with water depth (Fig. 2D).
Similarly, the AMCOrg values increased from —733.7%o0 to —586.2%0
(—627.5 + 48.1%0) with water depth (Fig. 2D).

3.3. Solvent-extractable lipid signatures

Solvent-extractable n-alkanes were detected in a series of C;5 to Css,
with a predominance of n-Cyy, n-Cyg, and n-C3; homologues. The con-
centrations of odd-carbon-numbered HMW n-alkanes in Cos5—Cs3
normalized to SA ranged from 0.14 to 1.44 pug/m? (0.44 + 0.44 pg/m?)
and decreased with distance offshore (Fig. 3A). In contrast, the odd-
carbon-numbered low molecular weight (LMW) n-alkanes in Cj7 19
normalized to SA showed no clear trends, with values of 0.01-0.03 pg/
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Fig. 2. Variations in A) TOC content (wt.%) and TOC/SA ratio (mg/; m?), B) Niot
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Fig. 3. Variations in biomarker concentrations normalized by SA: A) HMW and
LMW n-alkanes (ug/m?), B) brassicasterol and cholesterol (ug/m?), and C)
lignin phenols and cutin acids (ug/m?) with water depth.

m? (0.02 £ 0.01 pg/m?). The average chain length (ACL) of HMW n-
alkanes (ACLgs_33), calculated according to Cranwell et al. (1987), was
relatively stable along the transect, with an average length of 29.4 + 0.3.
The carbon preference index (CPI) of HMW n-alkanes (CPlgs 33),
calculated according to Bray and Evans (1961), ranged from 1.7 to 3.1
(2.2 £ 0.5). The SA-normalized concentrations of brassicasterol and
cholesterol were between 1.4 and 16.9 pg/m2 (6.1 £6.2 pg/mz) and
between 2.5 and 54.2 pg/m? (16.6 + 19.0 pg/m?), respectively, with
higher values at the offshore sites (Fig. 3B).

3.4. CuO oxidation product signatures

The results of lignin phenols and cutin acids obtained from the
alkaline CuO oxidation of surface sediments are presented in Fig. 3C (see
also Table S2). We reported total lignin phenol concentrations as the
sum of eight lignin-derived monomeric phenols, including vanillyl (V;
vanillin, acetovanillone, and vanillic acid), syringyl (S; syringaldehyde,
acetosyringone, and syringic acid), and cinnamyl (C; p-coumaric acid
and ferulic acid) units normalized to SA. Total cutin acid concentrations
were also reported as the sum of seven aliphatic lipids, including
o-hydroxyhexadecanoic acid, 8,9,10,0-hydroxyhexadecanoic acid, x-
Hydroxyhexadecan-1,16-dioic acid, and 7,8x-Hydroxyhexadecan-1,16-
dioic acid. The concentrations of lignin phenols and cutin acids were
0.01-0.30 mg/m? (0.07 + 0.10 mg/m?) and 0.01-0.07 mg/m? (0.02 +
0.05 mg/m?), respectively, and showed decreasing trends with water
depth (Fig. 3C, see also Table S2). The syringyl-to-vanillyl phenol (S/V)
and cinnamyl-to-vanillyl phenol (C/V) ratios were 0.5-0.7 (0.6 + 0.1)
and 0.2-0.8 (0.4 + 0.2), respectively (Table S2). The acid-to-aldehyde
(Ad/Al) ratios of vanillyl (V) phenols ((Ad/Al)v) varied between 0.41
and 0.76 (0.62 4+ 0.11) (Table S2). CuO oxidation also releases 3,5-dihy-
droxybenzoic acid (3,5-Bd), and the ratio of the 3,5-Bd to vanillyl phe-
nols (3.5-Bd/V) varied between 0.11 and 0.28 (0.19 4 0.06) (Table S2).
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4. Discussion
4.1. Controls on organic carbon loading

The TOC values obtained from the Mackenzie Trough transect were
in the range of 1.6-2.0 wt% (1.7 £ 0.1 wt%) (see Table S1), which were
similar to those previously reported for the Mackenzie Shelf and the
Beaufort slope (0.9-2.0 wt%, 1.4 + 0.2 wt%) Drenzek et al. (2007);
Magen et al. (2010); Goni et al. (2013); Vonk et al. (2015). The TOC
content showed no clear trend with water depth (Fig. 2A), while SA
showed a generally increasing trend with water depth,; this resulted in a
decrease in the TOC/SA ratio (R? = 0.58, p < 0.001) (Fig. 2A), which is
typically referred to as “OC loading” (Keil et al., 1997). We observed a
general decrease in sediment mean grain size with water depth, which
showed a broad negative relationship with SA (R? = 0.94, p < 0.001)
(Fig. 4A). Hydrodynamic sorting during sediment transport likely
affected the particle size distribution, resulting in the accumulation of
fine-grained sediments with higher SA at deeper water depths. We also
identified positive relationships between SA and clay percentage (R? =
0.91, p < 0.001) (Fig. 4B) and between SA and Al/Si R? = 0.69, p <
0.001) (Fig. 4C). Hence, the shallower samples with lower SA were
relatively quartz-rich (lower Al/Si), whereas the deeper samples were
clay-rich (higher Al/Si). Our results are consistent with a previous study
that showed a general increase in the Al/Si ratio and thus a general
decrease in sediment grain size from the Mackenzie River channels to
the Mackenzie Shelf (Vonk et al., 2015). Accordingly, the increase in SA
and clay with water depth indicates the preferential transport of
fine-grained clay-rich particles which caused the decrease in TOC/SA
and thus OC loading with distance offshore. Hence, our results highlight
the important role of hydrodynamic sorting on OC loading along the
Mackenzie Trough transect.

The Mackenzie Trough and shelf sediment TOC/SA ratios (Fig. 4D)
were generally within the range of 0.4-1.0 mg/m? (e.g., Keil et al., 1994;
Mayer, 1994; Blair and Aller, 2012), which suggests that the supply and
decomposition of OC were relatively balanced. However, the TOC con-
tents of sediments at deeper water depths in the Mackenzie Trough
transect were weakly controlled by SA (Fig. 4D). Our results are in line
with those of previous studies on the Beaufort slope (Goni et al., 2013;
Vonk et al., 2015). This observation suggests that another factor, in
addition to hydrodynamic sorting, may have controlled OC loading.
TOG/SA ratios of less than 0.4 mg/m? generally correspond to deeper
ocean sediments with long oxygen exposure times (e.g., Aller and Blair,
2006). For example, a previous study (Goni et al., 2013) identified OC
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loadings of <0.4 mg/m? with > 5-cm-thick Mn layers in deep water
(>500 m) samples from the Beaufort slope, which suggests deeper ox-
ygen penetration and thus longer oxygen exposure times. Exposure to
efficient oxidants exerts first-order control on OC degradation by
metabolic processes during cross-shelf transport and seafloor deposition
(e.g., Hartnett et al., 1998; Hedges et al., 1999; Keil et al., 2004; Meile
and van Cappellen, 2005). Hence, the general decrease in TOC/SA along
the Mackenzie Trough transect may be partly due to OC degradation
during transport and/or within the seabed.

4.2. Source and degradation status of sedimentary organic carbon on a
bulk level

Previous work conducted along the North American Arctic margin
showed a significant linear correlation between TOC and Ny, with a
very small Ny intercept at 0 wt% of TOC (Goni et al., 2013). However,
the N versus TOC plot in this study inferred substantial proportions of
sediment-bound inorganic N in the Mackenzie Trough transect (Fig. 5A),
accounting for up to 80% of Ny, which is comparable to previously
reported values (28-63%) in the central Arctic Ocean (Schubert and
Calvert, 2001). The presence of bound inorganic N may be explained by
the high clay content in sediments (average of 51 + 9%, see Table S1).
The Niot/TOC molar ratios (Fig. 5B), commonly used for discriminating
marine from terrestrial organic matter in sediments, were much higher
than the No;/TOC molar ratios (data not shown). Notably, the N¢t/TOC
values obtained in this study (0.118 + 0.010) were similar to those
obtained in previous studies (0.111 + 0.038) in the Beaufort Sea (see
Fig. 5B). It is therefore necessary to consider the presence of inorganic
nitrogen bound in clay minerals to better characterize sedimentary OC
sources (using Norg rather than Ny to calculate N/C ratios) (Schubert
and Calvert, 2001; Knies et al., 2007).

The surface sediments from the Mackenzie Trough transect displayed
relatively depleted 613Corg values (<—24%o, see Fig. 2D). Notably, the
613C0,g compositions determined in this study were comparable to those
in surface sediments from the Beaufort Sea (Fig. 5C). These 613C0rg
compositions are typical of Cs terrestrial plants (e.g., Goni et al., 2005).
Surface sediment OC from the Mackenzie Trough transect was also
characterized by depleted *C values (—586%o to —734%, see Fig. 2D).
The ranges in A14C0rg compositions observed in our study were also
within the range of those reported previously in the Beaufort Sea
(Fig. 5C). In general, the 8'3C values of Mackenzie Delta particulate
organic carbon (POC) were more depleted (—26.2%o to —26.9%o, Goni
et al., 2005; Hilton et al., 2015) than those of marine OC (15.6%o to
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—18.3%o, Schubert and Calvert, 2001). The reported A14C0rg values were
from —436%o to —714%o for the Mackenzie Delta POC (Goni et al., 2005; A) 2.0
Hilton et al., 2015) and from 19%o to —112%o for marine phytoplankton - E [ ]
and ice algae; the A”Cmg ranges of marine phytoplankton and ice algae o 1.5 g A ——
are assumed to reflect the *C compositions of dissolved inorganic car- -4(_—0' - g
bon in regional surface water (Griffith et al., 2012; Goni et al., 2013; = 10— § A
Druffel et al., 2017). The 613C0rg and A14C0rg data therefore suggest that Z . rA A o
surface sediments from the Mackenzie Trough transect were enriched in o5 @“ oo
terrestrial OC (Fig. 5C). A scatter plot of 613C0rg versus TOC/SA (Fig. 5D) Awoody Hackerzie
was used to distinguish two processes: (1) a net loss of terrestrial OC 0.0 2T I i — N'i""”"""{ gy’"""ls"em' I
caused by either hydrodynamic sorting or degradation and (2)
replacement of terrestrial OC with autochthonous marine OC during OC 0 0.2 0.4 9'6 08 1
transport (Broder et al., 2016). As also indicated by the SA versus TOC C/V ratio
scatter plot (see Fig. 5D), the TOC/SA appears to decrease along the B) 20
Mackenzie Trough transect, partly due to OC degradation. However, the w - )
increasing 613Corg values indicate the enrichment of sedimentary OC 8 8 15 — Deta PoC
with autochthonous marine OC as a function of water depth. Notably, Ne) . =
the bulk OC age decreased with increasing water depth from ~10563 to 'CC)_ = 10 —
~7048 '4C years (see Table S1), which further supports increasing c \g -
proportion of autochthonous marine OC with younger *C ages in c E 5 [ |
sedimentary OC. = _ O fo) 4] A u
= o p oA A A
4.3. Source and degradation status of sedimentary organic carbon on a
molecular level -28 -27 -26 -25 -24 -23
5%C,, (%0 VPDB)
The odd-carbon-numbered HMW n-alkanes (>Cgs) are typical of C 20
terrestrial vascular plant inputs (e.g., Eglinton and Hamilton, 1967). The ) »n
concentrations of HMW n-alkanes decreased with water depth along the ° 15 _- Nackenzie
Mackenzie Trough transect (Fig. 3A). Lignin-derived vanillyl, syringyl, GCJ 8 1
and cinnamyl phenols are characteristic of different terrestrial vascular .S_ = 10 —
plant sources (e.g., Hedges and Mann, 1979), whereas cutin-derived - D i
hydroxy fatty acids are characteristic of soft aerial (leaves and nee- c g 5 —
dles) and subaerial (root) tissues in vascular plants (e.g., Goni and () Newd A [ ]
Hedges, 1990). We observed exponential decreases in lignin phenols and - T A
cutin acids with water depth (Fig. 3C), similar to that of HMW n-alkanes 0 ! | ' T ! | ! | !
(Fig. 3A). These trends were consistent with terrestrial biomarker data -1000 -800 -600 -400 -200 0
normalized by sediment dry weight (see Fig. S1) and TOC (see Fig. S2). A4C (%o)
The lignin source indicators S/V and C/V were used to determine the org
relative input of non-woody angiosperm to the woody gymnosperm O Mackenzie Trough A\ Beaufortslope
input (Hedges and Mann, 1979; Goni and Hedges, 1995). The lignins in ’\(AT;;SK::;:)SM” ge:zfit:gﬁ .
the Beaufort Sea (Fig. 6A) were found to be a mixture of gymnosperm u (Gofii et al., 2005; 2013) A (Gofii etal.,2005; 2013)

wood-derived OC with inputs from angiosperm non-woody tissues
(Hedges and Mann, 1979; Goni and Hedges, 1995; Keil et al., 1998). The
OC-normalized yields of lignin phenols from the Mackenzie Trough
transect (0.2-4.4 mg/gTOC, see Table S2) were within the reported

Fig. 6. Scatter plots of A) S/V vs. C/V with the endmembers for different
vascular plant tissues (cf. Goiii et al., 2000), B) 8"3Corg (%0 VPDB) vs. lignin
phenols (mg/gTOC), and C) A“CO,g (%o) vs. lignin phenols (mg/gTOC).
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range of suspended particulate matter (SPM) from the Mackenzie Delta
(5.4-14.3 mg/gTOC; Goni et al., 2000, 2005) and of surface sediments
from the Mackenzie Shelf and Beaufort slope (1.2-12.2 mg/gTOC; Goni
et al., 2005, 2013). Overall, lignin phenols showed negative relation-
ships with 613Corg and A“Cmg (Fig. 6B and C). These patterns provide
additional evidence for the decreased contribution of terrestrial OC to
sedimentary OC due to the replacement of younger marine OC.

The odd-carbon-numbered LMW n-alkanes (Cis to Cig9) are mostly
from aquatic algal and photosynthetic bacterial inputs (e.g., Han and
Calvin, 1969; Meyers and Ishlwatari, 1993). The concentrations of LMW
n-alkanes were variable (Fig. 3A), which resulted in the increase of LMW
to HMW n-alkanes with water depth (see Table S2). This suggests a
decreasing proportion of terrestrial OC to sedimentary OC with
increasing water depth due to the input of marine OC. Brassicasterol and
cholesterol are dominant in invertebrates and marine zooplankton
(Derrien et al., 2015) and are therefore indicative of marine-derived OC.
In particular, brassicasterol can be used as a phytoplankton biomarker
for marine diatoms, although it can also be derived from terrestrial
sources (e.g., Huang and Meinschein, 1976; Volkman, 1986; Ding et al.,
2017). Therefore, the generally higher concentrations of both brassi-
casterol and cholesterol at the deeper water sites (see Fig. 3B) are in line
with the decreasing HMW n-alkane and lignin phenols concentrations
with water depth. This suggests that the contribution of marine OC to
sedimentary OC increased with distance offshore due to the enrichment
of marine OC.

The n-alkane distributions may change over the course of post-
depositional degradation (e.g., Buggle et al., 2010) and can therefore
be used as an indicator of hydrocarbon biodegradation and maturity (e.
g., Cranwell, 1981; Huang et al., 1996). The CPI5_33 of HMW n-alkanes
decreased with water depth (Fig. 7A), indicating increasing hydrocar-
bon alteration with increasing water depth. The (Ad/Al)v ratio can be
used as an indicator of lignin degradation because acidic phenols are
produced from aldehyde functional groups through propyl side-chain
oxidation (e.g., by white-rot decay) during lignin degradation (e.g.,
Hedges and Ertel, 1982; Ertel et al., 1986; Goni and Hedges, 1992;
Opsahl and Benner, 1995; Otto and Simpson, 2006). The (Ad/Al)v ratios
were higher at deeper water depths (Fig. 7B, see also Fig. S3), indicating
enhanced side-chain oxidation of lignins with increasing water depth. In
comparison, 3,5-Bd is a common product of soil degradation processes
and is thus most enriched in soils (e.g., Prahl et al., 1994; Goni et al.,
2000; Houel et al., 2006; Otto and Simpson, 2006). The 3,5-Bd/V ratio
has therefore been used to characterize the degradation state of complex
terrestrial organic mixtures (e.g., Prahl et al., 1994) and trace inputs of
soil OC to sediments (e.g., Louchouarn et al., 1999; Dickens et al., 2007).
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The ratio of 3,5-Bd/V also increased with water depth in this study
(Fig. 7C, see also Fig. S3), indicating an increase in the contribution of
degraded OC to sedimentary OC with distance offshore; this is likely
linked to an increase in the proportion of soil-derived OC to terrestrial
OC relative to that of fresher vascular plant tissues. Furthermore, the
ratio of HMW n-alkanes/lignin phenols increased with increasing water
depth (Fig. 7D) and decreasing grain size (see Table S1). Our results
therefore indicate the preferential offshore transport of more degraded
terrestrial OC (e.g., HMW n-alkanes) selectively bound to fine-grained
sediments, while less degraded terrestrial OC (e.g., lignins) was
retained near the coast.

4.4. Buridl efficiency of terrestrial organic carbon

A gradual increase in 613Corg with water depth (see Fig. 2D) coin-
cided with the decrease in TOC/SA ratios (see Fig. 2A), indicating the
simultaneous loss of terrestrial OC and replacement with marine OC
with increasing water depth. The decrease in TOC/SA along the Mack-
enzie Trough transect can be used to calculate the burial efficiency (BE;
defined as the ratio of the amount of terrestrial OC that is buried in
marine sediments to what arrives at the delta head) of terrestrial OC,
similar to the work by Vonk et al. (2015). The fraction of terrestrial OC
(F-terr) to TOC was determined by source apportionment calculations
using the 5!3C data as follows:

@

Here, we used a 613Criver value of —26.5 + 0.2 (Mackenzie Delta sus-
pended sediments, n = 12; Goni et al., 2005; Hilton et al., 2015) and a
5'3Cparine Of —20.2 £ 1.7%0 (Goni et al., 2000). The F-terr decreased
from 103% to 71% with increasing water depth (see Table S3). The
fraction of the remaining surface loading (F-rsl) was derived from the
decrease in SA, as follows:

8'*Corg of sediment = F-marine X 8"Cparine + F-terr x 8" Criyer.

TOC/SA of sediment

F—rsl=
s TOC/SA of river suspended sediment

@

here, we used the published TOC/SA value of 0.78 + 0.06 mg/m? (n =
4) obtained from suspended sediment samples collected from Mackenzie
Delta channels (Goni et al., 2005). The F-rsl also decreased from 78 +
6% to 56 + 6% with increasing water depth (see Table S3). The BE of
riverine OC in delta systems is a product of the fraction of the remaining
surface loading (F-rsl) and the fraction of terrestrial OC in TOC (F-terr)
(Keil et al., 1997). Thus, the BE of terrestrial OC was then determined by
multiplying the F-terr with F-rsl as follows:
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BE = F-terr x F-rsl. 3

The BE varied between 39 + 6% and 80 + 6% (see Table S3), with
lower values for samples farther from the trough head (see Fig. S4).
Overall, these estimates suggest that approximately 61 + 6% of terres-
trial OC in the Mackenzie River was lost during transport along the
Mackenzie Trough. We compared our results with those previously re-
ported for the Mackenzie Shelf and Beaufort slopes (Goni et al., 2005,
2013; Vonk et al., 2015). The BE for the Mackenzie Shelf was between
52 + 15% and 73 + 15%, and that for the Beaufort slope was between
34 + 6% and 48 + 6% (Fig. 8A, see also Table S3). We observed a similar
range of BEs between the Mackenzie Trough and Shelf samples but lower
BEs for the Beaufort slope. Interestingly, the BE of sediments at site SS4
(45 + 3%) collected in 1987 using a Smith-McIntyre grab sampler
(Yunker et al., 1990) was slightly lower than that at site ARA0O5C-34BC
(54 + 4%) collected in 2014 (see Fig. 1). However, our data comparison
is limited due to the low coverage of sediment organic data in the
Mackenzie Trough. Nonetheless, our study suggests that the BE of
terrestrial OC is slightly greater in the Mackenzie Trough than in the
surrounding continental slope.

4.5. Contribution of biogenic versus petrogenic OC

Modern sediment supply to the Mackenzie Shelf is dominated by the
Mackenzie River (Hill et al., 1991). The input of ice-bearing unconsol-
idated sediments from coastal bluff erosion to the Beaufort Sea is only
~1% of the sedimentary input of the Mackenzie River (i.e. 1.25 Tg/yr;
Hill et al., 1991). Thus, the Mackenzie River is the primary terrestrial OC
source to the Mackenzie Trough (e.g., Macdonald et al., 1998; McMahon
et al., 2021). The A“Corg values increased along the Mackenzie Trough
with water depth with the most negative A14C0rg value (—734%o) at the
head of the Mackenzie Trough, i.e., close to the delta (see Fig. 2D).
Notably, this value was substantially older (10563 l4c yr BP) than those
reported for suspended sediments in the Mackenzie Delta (—622 +
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Fig. 8. Estimates of A) the burial efficiency of terrestrial OC and B) the 4c
composition of the biogenic OC fraction (Fmy;,) derived from three different
methods in the Mackenzie Trough, Mackenzie Shelf, and Beaufort slope. The
burial efficiency and Fmy,;, were also compared for sites SS4 and ARA05C-34BC
collected in 1987 and 2014, respectively.
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36%o), with an average age of 7892 + 1464 *Cyr BP (n = 11; Goni et al.,
2005; Hilton et al., 2015). The older OC in the Mackenzie Trough in
comparison to the deltaic suspended sediments could be due to the
ageing of OC during its transport, possibly due to the preferential
degradation of labile OC with younger “C signal. Previous studies
inferred the transport of petrogenic OC (sometimes termed “ancient”
OC, “fossil” OC, or “rock-derived” OC) to the Beaufort Sea via the
Mackenzie River, mainly as eroded Devonian shales, coals, or immature
bitumens. This recalcitrant material is also preferentially preserved over
more labile, plant-related terrestrial debris (Yunker et al., 2002, 2011;
Goni et al., 2005; Drenzek et al., 2007). Thus, our results highlight the
need to further characterize OC to better constrain the fresher, more
labile biogenic fraction of sedimentary OC in the Canadian Beaufort Sea.

For this purpose, we applied three different methods to calculate the
relative proportions of “!4C-assessed” biogenic and petrogenic OC. First,
we estimated the amount of “petrogenic” OC added to sedimentary OC
using a simple binary mixing model (Method 1), as the more recently
fixed “biogenic” (modern terrestrial, riverine, and marine) OC has a
young '“C age. We assumed the end-member A'“C values to be
A" Cpetrogenic = —1000%0 and A'*Cpiggenic = 0%o (cf. Goni et al., 2005).
The biogenic OC fraction of TOC (F-bio in %) was 27-41% along the
Mackenzie Trough transect (see Table S3), which was comparable to the
published data from the Beaufort Sea using the same approach (Goni
et al., 2005; Vonk et al., 2015). Subsequently, the l4c composition of
F-bio (referred as Fmypj,) was 0.07-0.17 in the Mackenzie Trough,
0.05-0.17 in the Mackenzie Shelf, and 0.07-0.17 in the Beaufort slope
(Fig. 8B). However, defining biogenic OC with a A™C of 0% is likely too
simplistic, as biogenic OC consists of a large mixture of pre-aged OC with
above-ground biomass (C3 and Cs-plants) and riverine/marine auto-
trophic organisms (e.g., Hilton et al., 2010).

Second, we defined the two unknown components as “petrogenic”
OC and “biogenic” OC derived from modern biomass (i.e., more recently
fixed terrestrial, riverine, and marine biomass) and pre-aged soils. We
then calculated the relative OC proportions to sedimentary OC by
applying a binary mixing model (Method 2) as follows (cf. Galy et al.,
2008):

TOCsample X Fmsample = TOCsample x Fmyi, — OCpeuo X Fmio (4)

where TOCsample is the TOC content in the sample as a percentage of the
dry weight (that is, wt.%), Fmgmple is the measured l4c composition of
the sample expressed as the fraction of modern C, Fmy;, is the l4c
composition of biogenic OC, and OCpeyo is the content of petrogenic OC
in wt.%. The relationship between TOCsample X FMgsample (y-axis) and
TOCsample (x-axis) was strongly linear (y = 0.6338 x x —0.4347, R?>=
0.71, p < 0.001, n = 40; Fig. 9A), which suggests that the proportion of
petrogenic OC was relatively invariant. The OCpetro value, which was
determined as the intercept between the regression line and the x-axis (i.
e., the value for y = 0), was 0.43 wt%. Fmy;, was 0.43 £ 0.06 in the
Mackenzie Trough transect, with corresponding F-bio values of 41-59%
(see Table S3). As illustrated in Fig. 8B, the resultant Fmy,, values were
higher than those calculated via Method 1, as the biogenic OC is much
older than the previous assumption (i.e., A¥C = 0%o).

For the third approach (Method 3), we used Al/TOC ratios and
Fmgample values to determine the fraction of modern and pre-aged
“biogenic” and “petrogenic” OC (cf. Dellinger et al., 2014; Hilton
et al., 2015; Vonk et al., 2015). Using data from this study and from
Vonk et al. (2015), the Al/TOC ratio of petrogenic bedrock was obtained
as the intercept at Fm = 0 (Fig. 9B). We then used the Al content (ppm)
of the samples (74322 + 14606 ppm, n = 24; Dellinger et al., 2014) to
calculate an OCpeo Of 0.42 wt%. We calculated the petrogenic OC
fraction of TOC (F-petro in %) using TOCsample (Wt.%) and OCpetro (Wt.
%) values. The Fmy;, was obtained as follows:

Fmgmpie =F — bio(%) X Fmy, + F — petro(%) x Fmpero 5)

where F-bio (%) = (100 - F-petro (%)), as F-petro is known and Fmpetro
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= 0. The F-bio in the Mackenzie Trough transect was between 45% and
63% (see Table S3). The resultant Fmy,;, values were 0.60 4 0.09 in the
Mackenzie Trough transect, showing a decreasing trend with water
depth (see Fig. S4B). Similar to the results from Methods 1 and 2 (see
Fig. 8B), the median value of Fmy,, was lower in the Mackenzie Trough
than in the Beaufort slope, suggesting the higher contribution of marine
OC to sedimentary OC in the Beaufort slope.

Interestingly, all three methods showed lower biogenic OC contri-
butions in samples collected from site SS4 in 1987 (using a Smith-M-
cIntyre grab sampler; Yunker et al., 1990) than that at site
ARAO05C-34BC collected in 2014 (using a box corer; see Table S3);
however, small differences were observed between the methods.
Consequently, the Fmyp;, values were higher at site ARA05C-34BC than
at site SS4 (see Fig. 8B). Thus, our results hint that the biogenic OC
contribution to sedimentary OC might have increased in the Mackenzie
Trough in recent years. Given that the “C-depletion of OC in the
Mackenzie River is mainly attributed to the erosion of pre-aged
permafrost soils (Hilton et al., 2015), we speculated that the land-
—ocean OC transfer increased due to strengthened permafrost thawing in
response to recent Arctic warming, which further enhanced the BE of
terrestrial OC. The increased burial of terrestrial OC would have short-
ened the exposure time of sedimentary OC to oxygen, which hampered
terrestrial OC degradation and thus resulted in younger *C ages of
sedimentary OC. The lower mean monthly water discharge from the
Mackenzie River (at the GRDC station) in 1987 (8657 m3/s) compared
with that in 2014 (9831 m3/s) (http://www.bafg.de/GRDC/EN/0
14+GRDC/13_dtbse/database_node.html) further supports the
enhanced land-ocean OC transfer. It is worth noting that nutrient inputs
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from the Mackenzie River elicits large primary production and high
sinking particulate fluxes near the Mackenzie River delta especially in
late spring and summer (e.g., Stein and MacDonald, 2004; O’brien et al.,
2006; McMahon et al., 2021). Hence, alternatively, the increased supply
of nutrient-rich freshwater from the Mackenzie River could have
enhanced primary production in the Beaufort Sea, which might have
attributed to the relatively young **C ages of sedimentary OC. However,
considering that the burial efficiency of terrestrial OC was higher in the
sample collected in 2014 than in 1987 (Fig. 8A), the younger age of OC
for the sample collected in 2014 was more probably due to the increase
of terrestrial OC rather than marine OC. Consequently, the increasing
transfer of permafrost-derived biogenic OC to the Canadian Beaufort Sea
should be considered in future regional carbon budget calculations.
Nonetheless, we should also note that the grab sampler does not pre-
serve the sediment-water interface. Thus, the sample SS4 could include
deeper sediment layers that contain lower concentrations of fresh
biogenic OC due to its post-depositional degradation. Hence, it is
probable that different sampling techniques might have, at least partly,
contributed the difference between the site SS4 in 1987 and the site
ARAO05C-34BC collected in 2014. However, comparable data are limited
to draw irrefutable conclusions at present. Therefore, our hypothesis
that accelerated permafrost thawing in response to recent Arctic
warming enhanced land-ocean OC transfer should be further explored
through the down-core analyses of well dated sediment cores, as our
current results are based on snapshot data.

We further separated the biogenic OC to soil-derived, plant-derived,
and marine OC, by applying a three end-member mixing model based on
613Corg and 3,5-Bd/V values (cf. Smith et al., 2015). Due to significant
contributions of petrogenic OC to the Beaufort Sea, we corrected the
isotopic signature of petrogenic OC from the measured 613C0rg values as
follows (cf. Smith et al., 2015):

613Corg—measured = Slchelm *fijelm + 613Cm‘g—<:m'recled *ﬁ)io (6)
fpelro +fbio =1 (7)

where 613C0rg_measured is the observed 613C0rg value of the sediment
sample, 613Cpetm is the average 8'3C of OCpetro in the Arctic rivers of
—27.6 £+ 2.7%0 (n = 58, Goni et al., 2005; Schwab et al., 2021 and ref-
erences therein), 613C0rg_corrected is the average of biogenic OC 53¢
values, and fpewro and fpio represent the OC fraction composed of petro-
genic and biogenic organic constituents. We used the data for fyetro and
fbio obtained from Method 3 (cf. Vonk et al., 2015) rather than Method 2
(cf. Galy et al., 2008), since the former appears to better represent the
hydrodynamic sorting effect (see Fig. S4). Based on the 513Corg-corrected
and 3,5-Bd/V values (see Table S4), we calculated the relative contri-
butions of soil-derived, plant-derived, and marine OC to the biogenic
OC, by applying the “IsoSource” model (version 1.3.1, http://www.epa.
gov/wed/pages/models/stablelsotopes/iso-source/isosource.htm). The
source increment and mass balance tolerance values were of 1% and
0.1%o, respectively. The 613C0rg and 3,5-Bd/V values used as the
end-members (Fig. 10) were —26.3 £ 0.4%o (n = 24) and 0.65 (n = 1) for
soils (Schreiner et al., 2013; Broder et al., 2021), —30.7%0. (n = 1) and
0.03 £ 0.03 (n = 12) for vascular plants (Moingt et al., 2016), and —20.2
4 1.70%0 (n = 2) and 0.00 (n = 2) for marine OC (Goni et al., 2000). Note
that Al data were unavailable for the samples from the Mackenzie Shelf
which hampered the application of the three end-member mixing model
for the biogenic OC fraction. The soil-derived OC fractions increased
from 9.7% to 19.6% with water depth, while the petrogenic OC fractons
showed similar values between 37% and 41% (Fig. 11). The average
soil-derived OC contribution to sedimentary OC was lower in the
Mackenzie Trough (14.5 + 4.0%) than in the Beaufort slope (22.2 +
2.2%) (Fig. S5). The plant-derived OC proportions decreased with dis-
tance offshore (Fig. 11), with higher values in the Mackenzie Trough
(17.6 + 4.8%) than those in the Beaufort slope (6.6 + 2.7%) (Fig. S5). In
contrast, the contributions of marine OC increased with water depth


http://www.bafg.de/GRDC/EN/01+GRDC/13_dtbse/database_node.html
http://www.bafg.de/GRDC/EN/01+GRDC/13_dtbse/database_node.html
http://www.epa.gov/wed/pages/models/stableIsotopes/iso-source/isosource.htm
http://www.epa.gov/wed/pages/models/stableIsotopes/iso-source/isosource.htm
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Fig. 10. Scatter plot of 613C0rg (%0 VPDB) vs. 3,5-Bd/V to constrain biogenic OC
sources. The three end-member values were compiled from the literature for
soils (Schreiner et al., 2013; Broder et al., 2021), vascular plants (Moingt et al.,
2016), and marine OC (Goni et al., 2000).

(Fig. 11). Thus, the marine OC contribution to sedimentary OC was
slightly higher in the Beaufort slope (29.6 £+ 3.9%) than in the Mack-
enzie Trough (28.7 + 2.0%) (Fig. 11, see also Fig. S5). Unfortunately,
comparable lignin data for the SS4 sample were unavailable which
prevented us to compare the results from the four end-member approach
between the site SS4 in 1987 and the site ARAO5C-34BC collected in
2014. Our results from the four end-member approach suggest that the
increasing A“Corg values along the Mackenzie Trough were strongly
governed by the enrichment of marine OC superimposed by the effect of
the increased contribution of soil-derived OC to sedimentary OC,
probably due to the degradation of more fresher vascular plant material
(Fig. 11). Previously, Drenzek et al. (2007) assessed the relative con-
tributions of aged soil-derived terrestrial OC apart from the petrogenic
and marine OC on the Mackenzie Shelf based on the §'°C and Al*C
signatures of individual extractable n-fatty acids and alkanes in addition
to those of pyrolysate alkanes. Similarly, our approach combining bulk
and molecular markers can be a valuable tool to decern the relative
contributions of fresher vascular plant-derived, pre-aged soil-derived,
and marine OC to biogenic OC apart from the petrogenic OC contribu-
tion to sedimentary OC and thus to better assess the land-ocean OC
transfer and the fate of permafrost-derived OC in the rapidly changing
Canadian Arctic.

5. Conclusions

In this study, we applied inorganic and organic geochemical tech-
niques as well as sedimentological measurements to investigate surface
sediment samples collected along a Mackenzie Trough transect in the
Canadian Beaufort Sea. We found that hydrodynamic sorting of particles
decreased the OC loading at deeper water depths. In addition, OC
loading was further influenced by the increased degradation of terres-
trial OC and the increased contribution of marine OC with distance
offshore. The estimated BE of terrestrial OC was higher in the Mackenzie
Trough than in the Beaufort slope. In contrast, the estimates of the l4c
composition of the biogenic OC fraction (i.e., Fmy,,) were lower in the
Mackenzie Trough than in the Beaufort slope. We were unable to
adequately compare our estimates from the Canadian Beaufort Sea with
those previously published due to the limited data coverage. Hence,
further investigations using long-term sediment core records are
necessary to fully elucidate the mobilization and fate of permafrost-
derived OC in the rapidly changing Canadian Arctic.
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