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Abstract: In September 2009, a series of sediment cores were collected across the Alaskan Beaufort Sea
shelf-slope. Sediment and porewater organic carbon (OC) concentrations and stable carbon isotope
ratios (δ13C) were measured to investigate spatial variations in sediment organic matter (OM) sources
and distribution of these materials across the shelf. Cores were collected along three main nearshore
(shelf) to offshore (slope) sampling lines (transects) from east-to-west along the North Slope of Alaska:
Hammerhead (near Camden Bay), Thetis Island (near Prudhoe Bay), and Cape Halkett (towards Point
Barrow). Measured sediment organic carbon (TOC) and porewater dissolved organic carbon (DOC)
concentrations and their respective δ13C values were used to investigate the relative contribution
of different OM sources to sediment OC pool cycled at each location. Sources of OM considered
included: water column-sourced phytodetritus, deep sediment methane (CH4), and terrestrial,
tundra/river-sourced OM. Results of these measurements, when coupled with results from previous
research and additional analyses of sediment and porewater composition, show a pattern of spatial
variation in sediment OC concentrations, OM source contributions, and OM cycled along the Alaskan
Beaufort Sea shelf. In general, measured sediment total organic carbon (TOC) concentrations, δ13CTOC

values, porewater DOC concentrations, and δ13CDOC values are consistent with an east-to-west
transport of modern Holocene sediments with higher OC concentrations primarily sourced from
relatively labile terrestrial, tundra OM sources and phytodetritus along the Alaskan Beaufort shelf.
Sediment transport along the shelf results in the medium-to-long term accumulation and burial of
sediment OM focused to the west which in turn results in higher biogenic CH4 production rates and
higher upward CH4 diffusion through the sediments resulting in CH4

−AMO-sourced contribution to
sediment OC westward along the shelf. Understanding current OM sources and distributions along
the Alaskan Beaufort shelf is important for enhancing models of carbon cycling in Arctic coastal shelf
systems. This will help support the prediction of the climate response of the Arctic created in the face
of future warming scenarios.
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1. Introduction

Organic carbon (OC) in coastal shelf sediments is primarily derived from allochtonous and
autochtonous organic matter (OM) from phytodetritus [1,2] and terrigenous sources transported
primarily by rivers and surface runoff [3–5]. Organic matter deposition, accumulation, and burial in
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sediments is a significant portion of the carbon cycle in coastal shelf systems. The biogeochemical
cycling of OM during early diagenesis drives benthic processes and ecology and can be a significant
factor in determining the geotechnical and geophysical properties of coastal sediments. The subsequent
burial of OM that accumulates in coastal sediments over longer time periods and its alteration during
diagenesis and catagenesis forms the pre-cursors for hydrocarbon resources such as oil and natural
gas. The accumulation and cycling of OM in coastal shelf environments is controlled by numerous
factors such as OM supply, physical forcing and material transport, sediment reworking, microbial
processes, and the local geological setting and physiochemical conditions. An important factor that
determines the cycling and fate of sedimentary OC and its eventual fate is the relative lability of OM
deposited that can be linked to the source from which OM was derived. Therefore, in order to better
understand accumulation and cycling of OC in coastal shelf sediments, it is necessary to quantify the
relative contribution of OM with different lability from multiple sources.

In the sediments of some coastal shelf systems, multiple sources of OM must be considered.
Terrigenous inputs are often the dominant source for sedimentary OC in coastal systems. Terrestrial
inputs of OM are primarily from rivers and surface runoff, but in some systems, inputs from
groundwater can be significant [6,7]. There can also be additional inputs of OC to certain shelf
environments from the upward migration of deep sediment petroleum and methane (CH4) to shallow,
surface sediments [8–13]. There is a general assumption that phytodetritus is a strong OC contribution
to coastal sediment [3]. The relative contributions of OC from phytodetritus, terrestrial sources,
and deep sediment hydrocarbon sources to sediment total organic carbon (TOC) on the continental
shelf varies significantly between different coastal systems around the world. However, more
recent sediment studies do show a short sediment residence time for phytodetritus in the coastal
sediment [14,15]. Climate change has a potential to alter the relative input of OM from different sources
to these sediment carbon pools in coastal ecosystem in the future. A thorough understanding of the
coastal sediment carbon budget today will aid in climate response predictions for the future.

Large deposits of gas hydrates exist around the world coastal regions, therefore CH4 contribution
to the coastal sediment carbon budget is one key factor that could be sensitive to future changes in
climate [16]. For example, in the Gulf of Mexico nearshore the Mississippi River outflow there is a strong
terrestrial contribution to surface sediment carbon that shifts to a phytodetritus-dominated contribution
over a short distance moving offshore [3,4]. Further offshore, however, on the Texas-Louisiana Shelf, there
is significant contribution of CH4 and petroleum to shallow sediment carbon cycling [9–13,17]. A very
different coastal system is the Nankai Trough, off the coast of Tokyo Japan, where deep sediment CH4

hydrate loading contributes significantly to the shallow sediment carbon cycling [18]. The degree to
which climate change may affect the sediment carbon budgets in these different coastal systems is not
wholly understood.

Since the peak of the Holocene, the relative contribution of different OM sources to the TOC pool
in specific coastal systems has been largely in a (quasi-) steady-state balance. This is mostly because
the physical processes that control river transport and bottom water temperatures in most coastal shelf
regions have been relatively stable [19]. In some systems, however, there may be a departure from this
balance due to natural and/or anthropogenic influences. For example, regional climate change in the
Arctic has led to significant changes of OM cycling in shelf sediments and changes in the inputs of
tundra-derived, permafrost-derived, and shallow hydrate-derived carbon [20–22].

Previous studies in the Arctic show a complicated coastal sediment carbon cycle resulting from
spatial variation in OM sources [23]. Stable carbon isotope analysis (the ratio of 13/12C) of TOC
(δ13CTOC) can be used to help trace carbon cycling and quantify carbon contributions from different
sources. Organic carbon derived from marine phytodetritus typically has a range of δ13CTOC values
from –30 to −17h [24]. Terrestrial (tundra-) derived OC typically overlaps that range with δ13CTOC

values from −29 to −26h [25]. There have been observations of a 7% increase in OM discharge from
Eurasian rivers to the Arctic shelf over recent decades [26]. Assuming sediment OC on Arctic shelf
systems is a mix of OC from multiple sources, such an increase in terrestrial OM supply should result
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in a shift in the total amount of OC and likely the δ13CTOC values where this additional material
is deposited.

Data from δ13CTOC and stable nitrogen isotope analysis (δ15N) of total sediment nitrogen (TSN)
suggest that the OM pool in Beaufort Sea coastal sediment is primarily a mix of three end-members;
labile water column plankton (photodetritus), refractory marine OM, and refractory terrigenous
material [27]. However, globally measured remineralization rates of phytoplankton-derived OM
are as high as 95% in shallow coastal sediments. This suggests that phytodetritus is a relatively
minor contribution to medium-to-long term OM accumulation in these same environments [15,28].
Organic matter from terrestrial sources (rivers, surface run-off, groundwater) often dominates the
TOC pool in shallow coastal systems such as those along the Arctic shelf. Many studies in the Arctic,
however, do not account for a CH4 contribution to shallow sediment carbon cycling. A significant
contribution of upward CH4 flux to the sediment OC pool has been observed in this region and other
sites around the world [17,22,29–31]. One example is at Atwater Valley in the Gulf of Mexico, where
the contribution to TOC pool from CH4 cycling was estimated at 85%, and δ13CTOC and ∆14CTOC were
substantially depleted at−28.2h and−951h, respectively [17]; i.e., compared to other locations where
sediment dominated by phytodetritus was observed to be enriched, up to −19.7h [3]. Understanding
the relative contribution of potential OM sources (primarily terrestrial, tundra-sourced OC and OC
derived from upward CH4 flux) to Arctic shelf sediments will assist in developing interpretive and
predictive Arctic coastal ocean carbon cycle models.

In this study, a series of sediment cores were collected in September 2009 across the Beaufort
Sea shelf-slope along the North Slope of Alaska, USA. Sediment TOC concentrations and δ13CTOC

values were measured to investigate spatial variations in OM cycling and sources assuming between
different OM end-members [32,33]. Porewater dissolved organic carbon (DOC) concentrations and
stable carbon isotope ratios (δ13CDOC), porewater Cl− concentrations, total sediment nitrogen (TSN)
and stable nitrogen isotope ratios (δ15NTSN), sediment porosity (φ), and sediment inorganic carbon
(TIC) and stable carbon isotope ratios (δ13CTIC) values were also measured to provide additional
evidence to determine the spatial variability in the accumulation of OC from different sources in
Alaskan Beaufort Sea shelf-slope sediments. Previous studies in this region [22] and research by
others [34] suggest significant sediment gas hydrate loading and some upward migration of CH4

to the shallow surface sediments. This study therefore focuses primarily on comparing the relative
contribution of phytodetritus, terrestrial, tundra-sourced OC (as a combination of river flow, surface
runoff, and groundwater discharge) and OC linked to CH4 cycling to the medium-to-long term
sediment TOC and porewater DOC pools. For this Arctic coastal shelf system it is expected that
terrestrial, tundra-sourced OC will be 13C-enriched relative to 13C-depleted CH4–sourced OC [1,35].
Results of this study will be used to better constrain and explain the current spatial variability in the
relative contribution of different OC sources across the Alaskan Beaufort Sea shelf-slope.

2. Methods

Site Overview—The study region on the Beaufort Sea shelf along the North Slope of Alaska covers
an area of ~40,000 km2 extending from just to the east of Point Barrow, Alaska to Camden Bay near
the Canadian border west of the mouth of the Mackenzie River (Figure 1). Water depths along this
narrow shelf system range from very shallow <30 m near the coast to deeper than 200 m approaching
a steep shelf-break where depths increase to over 1000 m over a short distance [22]. The seafloor
along the Alaskan Beaufort shelf is characterized by a thin layer of Holocene sediments draped over
consolidated Pleistocene sediments. A large fraction of Holocene sediments are tundra or river-sourced
(dominated by the MacKenzie River plus minor contributions from smaller Alaskan rivers and streams)
or materials eroded from the coast which are reworked by ice scouring along the shelf. This results in
a sediment column comprised of a predominant clay/silt with a mix of sand and gravel deposited by
ice rafting [36]. Along the ~640 km reach of the Alaskan Beaufort shelf there are repetitive ice-scoured
galciogenic bedforms comprised with erosional bathymetric features and adjacent gullies filled with
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turbidites [37]. A key location where there is potentially a significant additional source of riverine
sediment to the coastal region is the Coleville River, near the Thetis Island core sites selected for this
study [38].Energies 2017, 10, 1265 4 of 21 
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Management Survey and United States Geologic Survey lithostratigraphy and sub-seafloor geologic 
structures and seismic data [22,39] (Figure 1).  
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Halkett indicating significant microbial cycling of CH4 diffusing upwards to the shallow sediment. 

Figure 1. Map showing study area and piston core (PC) and vibrocore (VC) locations along three
nearshore-to-offshore transects (from east-to-west: Hammerhead, Thetis Island, Cape Halkett) across
the Alaskan Beaufort Sea shelf during the 2009 Methane in the Arctic Shelf/Slope (MITAS) expedition.

The Methane In The Arctic Shelf/Slope (MITAS) expedition in September 2009 aboard the USCGC
Polar Sea [22,39] focused on sediment core collection from three main nearshore (shelf) to offshore
(slope) sampling lines (transects) from east-to-west in along the North Slope of Alaska: Hammerhead
(near Camden Bay), Thetis Island (near Prudhoe Bay), and Cape Halkett (towards Point Barrow)
(Figure 1). Coring locations were selected based on review of previous Minerals Management Survey
and United States Geologic Survey lithostratigraphy and sub-seafloor geologic structures and seismic
data [22,39] (Figure 1).

A previous study focused on methane hydrates using the same MITAS-2009 coring locations
and sediment and porewater samples used in this study showed considerable spatial variability in
vertical CH4 flux between the three different regions along the Alaskan Beaufort shelf (Table 1) [22].
Flux estimates were based on assuming a 1:1 stoichiometric relationship between CH4 oxidation
and simultaneous SO4

2− reduction during the anaerobic methane oxidation (AMO) by a specialized
consortium of bacteria. In a diffusive porewater profile where AMO dominates there is microbial
driven depletion of SO4

2− and CH4 concentrations. Through this sulfate methane transition (SMT)
zone, the linear fit to a seawater sourced porewater SO4

2− concentration profile can be used to estimate
the upward flux of CH4 from deeper sources. Under this assumption of a 1:1 stoichiometric ratio
between CH4 oxidation and SO4

2− reduction, the diffusive flux of SO4
2− downward into the sediments

is equivalent to the relative magnitude of CH4 flux upward through the sediments [40]. Regional
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variation in SO4
2− flux estimates ranged from −15.4 to −154.8 mmol m−2 a−1 (Table 1). Results

suggest measureable upward CH4 fluxes across the study area with the lowest values observed on the
Hammerhead line in nearshore permafrost-impacted sites as well as offshore sites. Moving east-to-west
along the shelf, flux estimates generally increase with the maximum flux values offshore at Cape
Halkett indicating significant microbial cycling of CH4 diffusing upwards to the shallow sediment.
Estimated flux values suggest potentially-substantial contributions of CH4 to the sediment carbon
cycle in this region but with significant spatial variation [22].

Table 1. A review of sediment coring locations, water column depth (m), estimated sulfate methane
transition (SMT) depth in centimeters below sea floor (cmbsf), and calculated downward SO4

2− flux
the vertical CH4 flux estimate from sulfate (SO4

2−) profiles. CH4 and SO4
2− data are published in

Coffin et al. [22].

CORE ID Latitude Longitude Water Depth (m) SMT (cmbsf) SO4
2− Flux

(mmol m−2 a−1)

VC02 70◦21.6448′ N 146◦00.4635′ W 20 nd −15.4
VC03 70◦15.34210′ N 146◦04.69180′ W 22 nd −15.2
PC03 70◦58.47840′ N 145◦29.21420′ W 490 nd −6.1
PC04 71◦11.98460′ N 145◦14.95110′ W 2077 nd −2.1
PC08 71◦12.44330′ N 149◦13.46600′ W 144.5 179 −100.1
PC09 71◦13.14430′ N 149◦13.23340′ W 306 351 −37.7
PC11 71◦46.68280′ N 151◦52.70670′ W 1458 629 −27.4
PC12 71◦32.97120′ N 152◦03.68110′ W 342 147 −124.7
PC13 71◦31.86300′ N 152◦04.75420′ W 280 106 −154.8
PC14 71◦37.64200′ N 151◦59.29430′ W 1005 373 −44.2

Measured headspace CH4 stable carbon isotope ratios (δ13CCH4), ranged from −138 to −48h
through this region, likewise indicating spatial variation in CH4 oxidation and production [22].
While there were clear locations with active CH4 cycling, porewater δ13CDIC across the study region
suggest diverse carbon sources contributed to shallow sediment carbon pools with a range from−36.3
to +5.1h [22]. All shallow sediment values ranged from −10 to 0h indicating some contribution
from overlying water column detritus and seawater. Where high headspace CH4 concentrations were
observed in deeper sediment, depleted δ13CDIC (down to −36.3h) was observed indicating active
AMO. The Cape Halkett cores, PC12 and PC13, showed the most enriched δ 13CDIC, up to 5.1h that
was interpreted to be shallow sediment CH4 production where CO2 is the terminal electron acceptor
during organoclastic degradation [17,29]. In contrast, δ13CDIC profiles observed at nearshore and
offshore Hammerhead core locations were conservative, depleting with depth as a result of moderate
organoclastic carbon degradation. In addition, a comparison of dissolved inorganic carbon (DIC)
concentration and δ13CDIC data set across this study region shows a complicated spatial variation in
the carbon sources and cycling [22], and provides support for further interpretation of carbon cycling
addressed in this study. Understanding OM contributions of phytodetritus-settling, gas and petroleum
seeps, and terrestrial, tundra-sourced carbon are necessary to source-apportion sediment OC.

Sediment Coring—Piston cores (PC) were used for sediment sampling at all locations (Figure 1;
Table 1) except the two Hammerhead nearshore sites where vibracoring (VC) was required [22]. Piston
coring was conducted using a 10 m long commercial piston coring system fitted with 2.75” internal
diameter (I.D.) clear acetate butyrate core liners. Vibracoring was conducted using a submersible
electrical vibracore system fitted with 3.65” I.D. core liners. Recovered core lengths ranged from 105 to
675 cm, with an average length of ~400 cm. After collection and recovery on deck, core liners were
removed and cores were sectioned to 1 m lengths and split on a horizontal core splitter. Sampling
intervals were decided based on observation of free gas pockets, sediment color, and hydrogen sulfide
odor—indicating higher microbial cycling of OM and CH4. Sampling through the core was more
frequent down core toward the predicted SMT. For each core, 15–20 sub-samples were taken at
sampling intervals ranging from 5 to 60 cm.
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Sample Analyses—Porewater samples were collected from core segments using Rhizon syringes
with an effective filter pore size of 0.1 µm [41]. After extraction, porewater was dispensed into 1–10 mL
vials and stored sealed and refrigerated for subsequent analysis. Sub-samples of wet sediment from
core sections were collected and stored frozen in pre-weighed snap-tight Petri dishes for subsequent
laboratory preparation and laboratory analysis.

Sediment porosity (φ) was measured gravimetrically as described by Hoehler et al. [42] (2000).
Frozen sub-samples were thawed, equilibrated to room temperature, weighed, and dried at 60 ◦C, then
re-weighed to determine sediment water content. Sediment water content was determined assuming
constant pore water and bottom water density (1.035) and then relative φ was calculated assuming a
constant solid matter density (2.500).

Sediment TOC, total carbon (TC), total sediment nitrogen (TSN) concentrations and δ13C or δ15N
were determined with a Thermo Delta Plus XP Isotopic Ratio Mass Spectrometer (IRMS) (Thermo
Scientific, Waltham, MA, USA) in-line with a Costech ECS 4010 CHNSO Elemental Analyzer (Costech
Analytical Technologies, Inc., Valencia, CA, USA) using a Conflo III interface and helium carrier gas.
For this analysis, 15–20 mg of dry, homogenized sediment was analyzed in triplicate. For TOC analysis,
dry sub-samples were weighed into silver capsules and wetted with 10% hydrochloric acid then
re-dried for 24–48 h at 60 ◦C to remove inorganic carbon. Subsamples for TC and TSN were weighed
into tin capsules and analyzed directly with no additional treatment. Percent sediment inorganic
carbon (TIC) was calculated by subtracting measured %TOC from the %TC and correcting values to
calcium carbonate (%CaCO3) by weight. The δ13CTIC values were calculated using the sample mass
and the measured δ13C ratio [29]. For DOC and δ13CDOC analysis, 1 mL of pore water was sealed in a
2 mL serum vial, then acidified with 20 µL of 85% phosphoric acid to remove the DIC. Porewater DOC
samples and δ13CDOC sub-samples were analyzed using an OI Analytical 1010 wet chemical oxidation
(WCO) system in line with a Thermo Delta Plus IRMS [43].

Porewater chloride (Cl−) concentrations were measured with a Dionex DX-120 ion chromatograph
equipped with an AS-9HC column, an Anion Self-Regenerating Suppressor (ASRS Ultra II), and an
AS-40 autosampler based on methods modified from [10]. Samples were diluted 1:50 (vol/vol)
prior to analysis and measured using standard solutions referenced against 1:50 diluted International
Association for the Physical Sciences of the Oceans (APSO) standard seawater (559 mM Cl−). Analytical
precision was ±5% of the reference standard. Chloride concentrations were used to assess any
potential upward advection of porewaters or freshening of porewaters due to tundra groundwater
inputs to the coastal region. High porewater Cl− concentrations could be indicative of the upward
advection of more saline porewaters whereas low porewater Cl− concentrations could be indicative
of a freshwater contribution. Low Cl− concentrations could also be indicative of freshening due to
methane hydrate destabilization.

Data Evaluation—Sources and cycling of sediment DOC and TOC through core profiles were
calculated using the equations from Aller and Blair [32] and Blair et al. [44]. For this evaluation, we
assume two prominent end-members; (1) A combination of allochthonous terrestrial, tundra-sourced
OM mixed with autochthonous and allochthonous primary production (photodetritus), and (2) OC
production driven through AMO. This evaluation studies TOC and DOC sources with depth below
the seafloor and between different sites and accounts for fractionation during diagenesis and selective
decay through aging, upward vertical gas flux and water column sedimentation. With sedimentation
rates in the region of 60 cm 1000 a−1 [45] and active shallow sediment phytoplankton-OM
remineralization, it is assumed that phytodetritus contributes only to the modern surface sediment
and declines rapidly with depth in the sediments [15,28,35,46–49]. This approach therefore investigates
the medium-to-long term accumulation of OC in the sediment over approximately the last 10,000 years.
For this assessment, spatial variation in the water column-sourced OC vs. vertical CH4 flux contribution
to the sediment carbon pool through the study region was calculated using mass and isotopic balances
summarized by Equations (1) and (2):
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Cx = CTM + CAM (1)

δ13CxCx = δ13CTMCTM + δ13CAMCAM (2)

where Cx = concentration of the carbon (TOC or DOC) pool and δ13Cx = the stable isotope composition
of the respective component. CTM represents material transported to the core site (phytodetritus
and terrestrial, tundra-sourced OC) and CAM represents carbon production through AMO. During
diagenesis of OM (TOC or DOC) with the initial components CTM and CAM, mass and isotopic changes
of carbon pools are represented by Equation (3):

δ13CxCx = δ13CTMCTM(i) + δ13CAMCAM(i) + δ13C∆∆C (3)

where ∆C = net change in carbon pool concentration and δ13C∆ = net change in isotopic composition
during diagenesis. When δ13CTMCTM (or δ13CAMCAM) = constant or zero and ∆Cx 6= zero,
Equation (4) becomes:

d
(
δ13Cx Cx

)
dC

= δ13C∆ +
d
(
δ13C∆

)
dC

d
(
δ13CxCx

)
dC

= δ13C∆ +
d
(
δ13C∆

)
dC

(4)

where linear slopes of δ13CxCx versus Cx estimate the net isotopic signal of carbon lost or gained
through vertical sediment profiles during diagenesis [32,33]. In this study, the linear slopes of δ13CxCx

versus Cx are also used to investigate the net isotopic signal of carbon cycled between locations.

3. Results

General Sediment Characteristics—Sediment porosity (φ), porewater Cl−, and the sediment
TOC/TSN ratios plotted down-core, vs. depth in the sediments provide general information as to
the sedimentological conditions at each coring site (Figure 2). Porosity serves as a proxy for sediment
density and water content. Porewater Cl− provides evidence of any freshening of porewaters and/or
fluid advection within the sediment column. Lastly, the sediment TOC/TSN ratio provides information
on OM burial and remineralization rates. The sediment TOC/TSN ratio will be a function of the nature
of OM present, its age, and lability. Generally, sediment TOC/TSN values should decrease during
OM remineralization.

Sediment porosity values measured varied from 0.35 to 0.79 φ. In most sites, porosity decreased
gradually with depth in the sediments due to compaction. A notable exception was the PC04 site
along the Hammerhead line offshore of the shelf break where porosity showed a pattern in decreasing
and increasing values with depth, possibly indicative of differential sediment layering. The lowest
porosity was observed at the Hammerhead nearshore sites (VC02 and VC03) with values averaging
0.45 ± 0.5 φ (n = 17). Low values (<0.50) were also observed at the nearshore site near Thetis Island
(PC08). The highest observed sediment porosity values were at Cape Halkett with an average of
0.68 ± 0.04 φ (n = 88). In general, sediment porosity values increased nearshore-to-offshore and
east-west. This would be consistent with prevailing current driven particle trajectories and the high
degree of scouring due to the wind-driven movement of grounded sea-ice that would result in the net
transport of sediment materials from east-to-west along the shallow Alaskan Beaufort shelf leaving
behind more compact Pleistocene-aged sediments [50].

Measured sediment TOC/TSN ratios ranged from 8.0 to 17.2 with some differences between
locations. At most sites, sediment TOC/TSN ratios stayed relatively constant with depth. The offshore
Hammerhead site (PC04) had variable sediment TOC/TSN values with depth, consistent with the
variable porosity values indicative of sediment layering. The highest sediment TOC/TSN values (17.2)
were measure at the nearshore Thetis Island site (PC08) in the vicinity of the mouth of the Colville
River, a potential source of terrestrial OM. Measured values nearshore (VC02, VC03) and Hammerhead
offshore (PC03, PC04) were similar with TOC/TSN at 9.71 ± 0.30 (n = 17) and 9.83 ± 1.62 (n = 36),
respectively. Values were moderately high throughout the entire Thetis Island line (PC08, PC09) at
10.68 ± 2.70 (n = 25) and lower at Cape Halkett (PC11, PC12, PC13, PC14); 9.12 ± 0.44 (n = 88).
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Figure 2. Measured sediment organic carbon to total nitrogen ratios (TOC:TSN); porewater chloride 
(mM), and sediment porosity (φ) plotted vs. depth (cm) in the sediment below seafloor (cmbsf) for 
sediment cores collected along the North Slope of Alaska on the Beaufort Sea. Sediment core profiles 
are separated into three distinct sampling transects (Cape Halkett, Thetis Island and Hammerhead) 
and displayed by relative location west-to-east (left-to-right) and offshore-to-nearshore (top-to-
bottom) on the North Slope. The blue dashed line presented in plots with a measured SMT represents 
the depth reported in Table 1. The red line in each transect indicates the relative location of the shelf-
break for each coring transect (Figure 1). 

N
ea

rs
ho

re
 →

 O
ff

sh
or

e

West → East

Cape Halkett Thetis Island Hammerhead

VC02

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

VC03

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC03

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC04

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC08

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC09

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)
 

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC11

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC12

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC13

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

PC14

TOC:TSN
6 8 10 12 14 16 18 20

S
ed

im
en

t D
ep

th
 (

cm
bs

f)

0

200

400

600

800

Chloride (mM)
420 440 460 480 500 520 540 560 580

Porosity φ
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TOC:TSN
Chloride
Porosity

Figure 2. Measured sediment organic carbon to total nitrogen ratios (TOC:TSN); porewater chloride
(mM), and sediment porosity (φ) plotted vs. depth (cm) in the sediment below seafloor (cmbsf) for
sediment cores collected along the North Slope of Alaska on the Beaufort Sea. Sediment core profiles
are separated into three distinct sampling transects (Cape Halkett, Thetis Island and Hammerhead)
and displayed by relative location west-to-east (left-to-right) and offshore-to-nearshore (top-to-bottom)
on the North Slope. The blue dashed line presented in plots with a measured SMT represents the depth
reported in Table 1. The red line in each transect indicates the relative location of the shelf-break for
each coring transect (Figure 1).

In the absence of fluid advection through the sediment, the porewater Cl− values at each
coring site should be a function of the average salinity of the bottom waters of the overlying water
column. Bottom water salinity values from conductivity-temperature-depth (CTD) casts during
MITAS-2009 were between 26.0 to 34.5h, increasing nearshore-to-offshore. These CTD measurements
represent a one-time snap-shot of water column salinity during the time of core collection but,
if these values are assumed to represent average bottom water values, then expected porewater
Cl− concentrations should be in the range of ~415 to 550 mM. Significant deviations outside the range
of these values could be indicative of fluid advection through the sediments. There were observed



Energies 2017, 10, 1265 9 of 21

differences in porewater Cl− concentrations across core locations ranging from about 460 to 560 mM.
As might be expected, nearshore sites where bottom water salinities were lower generally had lower
porewater Cl− concentrations. There was no clear indication of significant freshening or salinization of
porewaters at any sites but the offshore Hammerhead site PC08 showed surprisingly low porewater
Cl− concentrations in the shallow sediments. The cause for this is unclear but could be due to the
relative proximity of the coring site to the Mackenzie River mouth.

Sediment Carbon—measured sediment total organic and inorganic carbon (%TOC and %TIC)
concentrations and the δ13C values of these fractions vs. depth in the sediment (cmbsf) are shown
in Figure 3. The %TIC contribution to the sediments over all sites ranged from 0.21 to 3.67% dry
weight while %TOC ranged from 0.44 to 2.34% dry weight. Strong regional differences can be noted.
Sediment %TIC was highest at Hammerhead nearshore (VC02, VC03) and Thetis Island (VC08, VC09)
with averages of 1.20 ± 0.12% (n = 16) and 1.17 ± 0.61% (n = 22), respectively. Slightly lower %TIC
values were observed at Hammerhead offshore; 0.93 ± 0.65% (n = 33). Sediment %TIC values were
significantly lower at all sites along the Cape Halkett line (PC11, PC12, PC13, PC14) with an average of
0.43 ± 0.1% (n = 88). Spatial variations in measured sediment %TOC values mirrored the %TIC values.
The highest sediment %TOC values observed, with an average of 1.59 ± 0.08% (n = 88), were along
the Cape Halkett line where sediment %TIC was lowest. Likewise, the lowest sediment %TOC values
were observed at Hammerhead nearshore sites with an average of 0.79 ± 0.06% (n = 16). Hammerhead
offshore and Thetis Island sites had %TOC values averaging 1.07 ± 0.20% (n = 33) and 1.34 ± 0.29%
(n = 22), respectively. The trends observed in sediment carbon values are consistent with observed
sediment porosity values which suggest a scouring of recent, relatively OC-rich Holocene sediments
and subsequent net transport from east-to-west along the shelf.

The δ13CTIC values in all cores at all sites ranged from −8.24 to 3.87h with some variation with
depth in select cores and between cores from different sites (Figure 3). The largest down-core variations
were observed along the Cape Halkett line and at the offshore Hammerhead site (PC-04). These
sites also had both the most depleted and most enriched values observed in this study. The δ13CTOC

values measured ranged from−27.50 to−23.50h with little down core variability but some differences
between sites. In general, δ13CTOC values were slightly enriched east-to-west and nearshore-to-offshore.
The OC in sediments along the Cape Halkett line were consistently δ13C-enriched relative to the other
locations with average values of −24.55 ± 0.36h (n = 88). Sediment OC was the most 13C-depleted at
the Hammerhead nearshore site with average values of −25.81 ± 0.18h (n = 16).

Sediment Nitrogen—measured %TSN values in all cores ranged from 0.073 to 0.211% (Figure 4).
The highest %TSN values were measured along the Cape Halkett line with an average for all core
samples of 0.17 ± 0.01% (n = 88). The lowest values measured were at the Hammerhead nearshore
sites (VC02 and VC03) which had an average %TSN value of 0.08 ± 0.01% (n = 16). Values along the
Hammerhead line increased in the offshore sites (PC03 and PC04) to an average of 0.11 ± .03% (n = 33).
Values in the two cores collected near Thetis Island likewise showed an increase from lower values
nearshore increasing offshore. The average value for %TSN on the Thetis Island line was 0.13 ± 0.02%
(n = 22). Like measured %TOC values, sediment %TSN values showed a general pattern of increasing
nearshore-to-offshore and east-to-west along the shelf.

Measured δ15NTSN values along the shelf ranged from 1.98 to 7.91h (Figure 4). The western-most
locations at Cape Halkett were observed to have the most enriched δ15NTSN values averaging
6.60 ± 0.65h (n = 88). Values for δ15NTSN measured at Thetis Island were on average 4.86 ± 1.61h
(n = 22) but were significantly more enriched at the offshore site (PC09) as compared to the nearshore
site (PC08). Along the Hammerhead line, the measured δ15NTSN values in the nearshore sites
(VC02 and VC03) averaged 3.14 ± 0.31h (n = 16) and the offshore sites (PC03 and PC04) averaged
3.55 ± 1.10h (n = 33). This difference does not appear to be significant but if one looks at just
the surface sediments, a trend in enrichment of δ15NTSN values nearshore-to-offshore is evident.
Interpretation of δ15NTSN values can be highly problematic due to the potential mixing of OM
from different sources (marine vs. terrestrial) with a similar, overlapping range of δ15N values and



Energies 2017, 10, 1265 10 of 21

fractionation during biogeochemical cycling, but the trend in enrichment from nearshore-to-offshore
and east-to-west along the shelf is again clear, potentially suggesting variability in OM sources,
transport, and accumulation.Energies 2017, 10, 1265 10 of 21 
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Figure 3. Sediment organic carbon (%TOC) and inorganic carbon (%TIC), expressed as % dry weight,
and the δ13C ratio of each fraction, δ13CTOC and δ13CTIC, respectively, plotted vs. depth (cm) in the
sediment below seafloor (cmbsf) for cores collected along the North Slope of Alaska on the Beaufort
Sea. Core profiles are separated into three distinct sampling transects (Cape Halkett, Thetis Island and
Hammerhead) and displayed by relative location west-to-east (left-to-right) and offshore-to-nearshore
(top-to-bottom) on the North Slope. The blue dashed line presented in plots with a measured SMT
represents the depth reported in Table 1. The red line in each transect indicates the relative location of
the shelf-break for each coring transect (Figure 1).
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Figure 4. Sediment % total sediment nitrogen (TSN) and δ15N plotted vs. depth (cm) in the sediment
below seafloor (cmbsf) for cores collected along the North Slope of Alaska on the Beaufort Sea.
Core profiles are separated into three distinct sampling transects (Cape Halkett, Thetis Island and
Hammerhead) and displayed by relative location west-to-east (left-to-right) and offshore-to-nearshore
(top-to-bottom) on the North Slope. The blue dashed line presented in plots with a measured SMT
represents the depth reported in Table 1. The red line in each transect indicates the relative location of
the shelf-break for each coring transect (Figure 1).

Porewater DOC—measured porewater DOC concentrations ranged from 0.44 to 6.95 mM,
with an increase with depth in the sediments observed at all sites (Figure 5). The highest porewater
DOC concentrations were found at the Thetis Island nearshore site (PC08) and along the Cape Halkett
line; 4.23 ± 2.01 mM (n = 12) and 3.17 ± 1.29 mM (n = 88), respectively. Porewater DOC concentrations
were generally lower at the nearshore and offshore Hammerhead core locations; 1.82 ± 0.49 mM
(n = 11) and 1.71 ± 0.44 mM (n = 19), respectively.
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Figure 5. Porewater profiles for dissolved organic carbon (DOC) concentration (mM C) and δ13CDOC

plotted vs. depth (cm) in the sediment below seafloor (cmbsf) for cores collected along the North Slope
of Alaska on the Beaufort Sea. Core profiles are separated into three distinct sampling transects
(Cape Halkett, Thetis Island and Hammerhead) and displayed by relative location west-to-east
(left-to-right) and offshore-to-nearshore (top-to-bottom) on the North Slope. The blue dashed line
presented in plots with a measured SMT represents the depth reported in Table 1. The red line in each
transect indicates the relative location of the shelf-break for each coring transect (Figure 1). Data on
DOC concentration and δ13CDOC values are not presented for stations Hammerhead offshore station
PC09 and Thetis offshore station PC04 because sufficient porewater volumes could not be obtained
during sampling.
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Measured porewater δ13CDOC values ranged from −35.1 to −24.0h (Figure 5). Hammerhead
nearshore, Hammerhead offshore and Thetis Island δ13CDOC values were similar with values at
−32.3 ± 1.6h (n = 19), −32.3 ± 1.8h (n = 11), and =30.4 ± 2.6h (n = 12), respectively. The DOC
was more 13C-enriched at Cape Halkett with an average for all cores at −26.6 ± 1.56h (n = 88).
Vertical δ13CDOC profiles at Cape Halkett and Thetis Island were 13C-depleted at the surface and
increasingly enriched down core, while the samples at both Hammerhead sites were relatively uniform
to moderately depleted down core. Interpretation of these differences is explored further in the
Discussion section that follows.

TOC and DOC Data Interpretation—the mixing of sediment OC from different sources and
transformation during diagenesis or transport and focusing can be investigated with Equations (1)–(4)
using δ13C values and OC concentrations measured through core profiles and between coring
locations (Equation (4)) [32,33]. A comparison of δ13CTOC-weighted %TOC concentrations to %TOC
concentrations provides the TOC δ13C source value through the profile and shows strong regional
variations in the TOC pool being cycled along the Alaskan Beaufort Slope (Figure 6). There was no SMT
observed at any of the Hammerhead nearshore or offshore sites so these data were combined. The slope
of the linear fit to the plot of δ13CTOC-weighted %TOC concentrations to %TOC concentrations at
the Hammerhead Offshore and Nearshore sites was −26.4h (r2 = 0.998). In comparison, there was a
strong difference in the slope of the linear fit to the plot of δ13CTOC-weighted %TOC concentrations to
%TOC concentrations at the Thetis Island site at −31.1h (r2 = 0.998). Likewise, the slope of the linear
fits to the plots of δ13CTOC-weighted %TOC concentrations to %TOC concentrations at Cape Halkett
were significantly different with a value of −19.9h (r2 = 0.974) above the SMT and depleted below the
SMT at −22.9h (r2 = 0.990), respectively. Results show strong spatial variations; the net isotopic signal
of OC cycled between locations, indicative of variable contributions of OM with different liability from
different sources to the sediment OC pool along the Alaskan Beaufort Sea shelf.

Energies 2017, 10, 1265 13 of 21 

 

−32.3 ± 1.6‰ (n = 19), −32.3 ± 1.8‰ (n = 11), and =30.4 ± 2.6‰ (n = 12), respectively. The DOC was 
more 13C-enriched at Cape Halkett with an average for all cores at −26.6 ± 1.56‰ (n = 88). Vertical 
δ13CDOC profiles at Cape Halkett and Thetis Island were 13C-depleted at the surface and increasingly 
enriched down core, while the samples at both Hammerhead sites were relatively uniform to 
moderately depleted down core. Interpretation of these differences is explored further in the 
Discussion section that follows.  

TOC and DOC Data Interpretation—the mixing of sediment OC from different sources and 
transformation during diagenesis or transport and focusing can be investigated with  
Equations (1)–(4) using δ13C values and OC concentrations measured through core profiles and 
between coring locations (Equation (4)) [32,33]. A comparison of δ13CTOC-weighted %TOC 
concentrations to %TOC concentrations provides the TOC δ13C source value through the profile and 
shows strong regional variations in the TOC pool being cycled along the Alaskan Beaufort Slope 
(Figure 6). There was no SMT observed at any of the Hammerhead nearshore or offshore sites so 
these data were combined. The slope of the linear fit to the plot of δ13CTOC-weighted %TOC 
concentrations to %TOC concentrations at the Hammerhead Offshore and Nearshore sites was 
−26.4‰ (r2 = 0.998). In comparison, there was a strong difference in the slope of the linear fit to the 
plot of δ13CTOC-weighted %TOC concentrations to %TOC concentrations at the Thetis Island site at 
−31.1‰ (r2 = 0.998). Likewise, the slope of the linear fits to the plots of δ13CTOC-weighted %TOC 
concentrations to %TOC concentrations at Cape Halkett were significantly different with a value of 
−19.9‰ (r2 = 0.974) above the SMT and depleted below the SMT at −22.9‰ (r2 = 0.990), respectively. 
Results show strong spatial variations; the net isotopic signal of OC cycled between locations, 
indicative of variable contributions of OM with different liability from different sources to the 
sediment OC pool along the Alaskan Beaufort Sea shelf. 

 
Figure 6. Plot of measured δ13CTOC × %TOC concentrations vs. %TOC concentrations in sediment cores 
collected along the North Slope of Alaska on the Beaufort Sea. Data are grouped into four data sets: 
Hammerhead Nearshore and Offshore; Thetis Island; Cape Halkett above and below the SMT (Figure 
1). The slope of the linear fit to each data set is presented below the plot (Equation (4)). 

%TOC

0.0 0.5 1.0 1.5 2.0 2.5

%
T

O
C

 x
  δ

13
C

T
O

C

-70

-60

-50

-40

-30

-20

-10

0

Hammerhead - slope -26.4‰, r2 = 0.998

Thetis Island - slope -31.1‰, r2 = 0.998

Cape Halkett, above SMT - slope -19.9, r2 = 0.974

Cape Halkett, below SMT - slope -22.9, r2 = 0.990

Figure 6. Plot of measured δ13CTOC × %TOC concentrations vs. %TOC concentrations in sediment
cores collected along the North Slope of Alaska on the Beaufort Sea. Data are grouped into four data
sets: Hammerhead Nearshore and Offshore; Thetis Island; Cape Halkett above and below the SMT
(Figure 1). The slope of the linear fit to each data set is presented below the plot (Equation (4)).
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The sediment OC pool can be assessed in-depth by comparing δ13CDOC-weighted porewater
DOC concentrations to DOC concentrations (Figure 7; Equation (4)). The slope of the linear fit to the
plot of δ13CDOC-weighted DOC concentrations to DOC concentrations at the Hammerhead Offshore
and Nearshore revealed a surprisingly depleted value of −37.8h (r2 = 0.999). In general, the slopes
of the linear fits to the plots of δ13CDOC-weighted DOC concentrations to DOC concentrations were
similar for Thetis Island, −27.3h (r2 = 1.000), and Cape Halkett, both above and below the SMT,
−26.6h (r2 = 0.998) and −27.7h (r2 = 0.999), respectively. The slope of the linear fit to the plot
of δ13CDOC-weighted DOC concentrations to DOC concentrations at Cape Halkett was moderately
depleted below the SMT as compared to above the SMT, suggesting a possible AMO contribution to
porewater DOC. This interpretation is supported with high AMO rates observed at Cape Halkett [22].

Energies 2017, 10, 1265 14 of 21 

 

The sediment OC pool can be assessed in-depth by comparing δ13CDOC-weighted porewater DOC 
concentrations to DOC concentrations (Figure 7; Equation (4)). The slope of the linear fit to the plot 
of δ13CDOC-weighted DOC concentrations to DOC concentrations at the Hammerhead Offshore and 
Nearshore revealed a surprisingly depleted value of −37.8‰ (r2 = 0.999). In general, the slopes of the 
linear fits to the plots of δ13CDOC-weighted DOC concentrations to DOC concentrations were similar 
for Thetis Island, −27.3‰ (r2 = 1.000), and Cape Halkett, both above and below the SMT, −26.6‰ (r2 = 
0.998) and −27.7‰ (r2 = 0.999), respectively. The slope of the linear fit to the plot of δ13CDOC-weighted 
DOC concentrations to DOC concentrations at Cape Halkett was moderately depleted below the SMT 
as compared to above the SMT, suggesting a possible AMO contribution to porewater DOC. This 
interpretation is supported with high AMO rates observed at Cape Halkett [22]. 

 
Figure 7. Plot of measured δ13CDOC × DOC concentrations vs. DOC concentrations in sediment cores 
collected along the North Slope of Alaska on the Beaufort Sea. Data are grouped into four data sets: 
Hammerhead Nearshore and Offshore; Thetis Island; Cape Halkett above and below the SMT (Figure 
1). The slope of the linear fit to each data set is presented below the plot (Equation (4)). 

4. Discussion 

This study investigates variability in sources of sediment TOC and porewater DOC across the 
Alaskan Beaufort Sea shelf (Figure 1). The spatial assessment in variation of OC sources addressed in 
this study utilizes inorganic and organic sediment carbon concentrations and δ13C, total nitrogen 
concentration and δ15N, general sediment chemistry properties, and a previous study that focused on 
spatial variation in vertical CH4 fluxes across the same study region [22]. Results suggest a dominant 
east-to-west transport of modern Holocene sediments with higher OC concentrations primarily 
sourced from relatively labile terrestrial, tundra OM sources and phytodetritus. Sediment transport 
pattern along the shelf results in the medium-to-long term accumulation and burial of sediment OM 
focused to the west which in turn results in higher biogenic CH4 production rates, higher upward 
CH4 diffusion through the sediments and an increase in CH4−AMO-sourced contribution to the 
sediment OC pool. 

DOC (mM)

0 1 2 3 4 5 6 7 8

D
O

C
 (

m
M

) 
x 

δ13
C

D
O

C

-250

-200

-150

-100

-50

0

Hammerhead - slope -37.8?  r2 = 0.999

Thetis Island - slope -27.3?  r2=1.000

Cape Halkett, above SMT - slope -26.6?  r2 = 0.998

Cape Halkett, below SMT - slope -27.7?  r2 = 0.999

Figure 7. Plot of measured δ13CDOC × DOC concentrations vs. DOC concentrations in sediment
cores collected along the North Slope of Alaska on the Beaufort Sea. Data are grouped into four data
sets: Hammerhead Nearshore and Offshore; Thetis Island; Cape Halkett above and below the SMT
(Figure 1). The slope of the linear fit to each data set is presented below the plot (Equation (4)).

4. Discussion

This study investigates variability in sources of sediment TOC and porewater DOC across the
Alaskan Beaufort Sea shelf (Figure 1). The spatial assessment in variation of OC sources addressed
in this study utilizes inorganic and organic sediment carbon concentrations and δ13C, total nitrogen
concentration and δ15N, general sediment chemistry properties, and a previous study that focused on
spatial variation in vertical CH4 fluxes across the same study region [22]. Results suggest a dominant
east-to-west transport of modern Holocene sediments with higher OC concentrations primarily sourced
from relatively labile terrestrial, tundra OM sources and phytodetritus. Sediment transport pattern
along the shelf results in the medium-to-long term accumulation and burial of sediment OM focused to
the west which in turn results in higher biogenic CH4 production rates, higher upward CH4 diffusion
through the sediments and an increase in CH4

−AMO-sourced contribution to the sediment OC pool.
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Inorganic and organic carbon measured in sediment across the Alaskan Beaufort Shelf ranged
from 0.21 to 3.67% and 0.44 to 2.34%, respectively (Figure 3). The highest %TIC concentration was in
Hammerhead offshore site, PC04, at up to 3.4% down core. It is interesting that %TIC concentrations
measured in the Cape Halkett study region were not elevated relative to other locations since this
region had relatively high AMO rates at all core sites [22]. Previous research in the Gulf of Mexico
has shown that a significant fraction of the CH4 flux through sediments where AMO dominates can
end up precipitating as authigenic carbonate [51]. The low %TIC concentrations measured could be a
result of relatively modern elevated AMO rates occurring after the last glaciation, a result of westward
sediment transport. The δ13CTIC values measured in this study ranged from −7.4 to 5.6h with little
variation through most individual cores or amongst different core locations. Exceptions were at the
Hammerhead Offshore site, PC04, and the Thetis Island site, PC08, where there were variations in
δ13CTIC through the cores associated with changes in %TIC (Figure 3).

Measured sediment %TOC concentrations increased nearshore-to-offshore and east-to-west along
the Alaskan Beaufort Sea shelf consistent with an east-west transport of sediment. Sediment porosity
values coincide with this observation, with highest porosity values observed at the western-most
Cape Halkett sites (Figure 2). This likely indicates an accumulation of newer, more mobile, less
consolidated sediments focused to the west along the shelf. This would be consistent with the high
coastal erosion rates observed along the Alaskan Beaufort Sea shelf which can be up to 1.8 × 105 mg
year−1 [52] and a net westward transport of sediment due to ice scouring [37,53]. Trends in sediment
%TOC concentration measured along the shelf in this study are also consistent with those measured
by of [47,48] on the Beaufort shelf, east of this study area towards the Mackenzie River delta where
sediment %TOC values ranged from 0.73 to 1.7% [47].

Measured %TSN concentration ranged from 0.05 to 0.2% amongst all core locations (Figure 4).
General patterns showed low %TSN concentration at Hammerhead nearshore and offshore sites while
higher %TSN concentrations were observed westward at Cape Halkett. Sediment δ15NTSN ranged
from 1.9 to 7.9h (Figure 4) with substantially depleted 15N eastward at the Hammerhead nearshore
and offshore core sites. Westward, at Cape Halkett, δ15NTSN was consistently enriched in 15N with a
minimum values of 5.8h in PC13. The δ15NTSN range for the Alaskan Beaufort Shelf was remarkably
depleted relative to eastern values in the Beaufort Sea off the Mackenzie River delta that ranged from
5.8 to 15.8h [27]. This difference could be due to a higher contribution of phytodetritus to the sediment
carbon and nitrogen pool near the Mackenzie River. The phytodetritus contribution to sediment
OC along the entire Alaskan Beaufort Sea Slope has been reported to be low [15,28,49] and trends
were not observed in downcore δ15NTSN profiles in this study that suggest a significant presence of
phytodetritus deeper in the sediments (Figure 4).

The sediment TOC/TSN profiles in this study indicate a significant terrestrial, tundra-sourced
contribution to sediment OC (Figure 2). Measured TOC/TSN values ranged from 7.6 to 17.2 for all
core profiles. Higher values were observed in PC08 near Thetis Island, which, given the location
to the Colville River mouth, may have a significant but possibly ephemeral input of more recent
tundra-sourced OM. Further westward from the study area at the Beaufort-Chukchi Sea boundary,
TOC/TSN ratios ranged from 9.0 to 14.0 [47]. Further eastward in the Beaufort Sea off the Mackenzie
River mouth, TOC/TSN values ranged from 6.4 to 10.1 [27] in shallow sediments 30–40 cmbsf. Higher
values of TOC/TSN ranging from 10 to 16 have been measured near the Siberia Arctic river systems
due to the significant export of tundra-sourced carbon to the shelf by these large river systems [54].

The δ13CTOC values measured at all core sites along the coast of the Alaskan Beaufort Sea shelf
ranged from −27.5 to −23.7h (Figure 3). These values are similar to those published for other regions
in the Arctic Ocean; −27.4 to −25.0h for the Siberia coastal-river interface [54] and −26.8 to −24.5h
for the Beaufort Sea off the Mackenzie River [27]. As stated in the Results section, the slopes of the
linear fits to δ13CTOC-weighted %TOC concentrations and %TOC concentrations at Hammerhead,
Thetis Island, and Cape Halkett show strong regional variations in the TOC pool being cycled along
the Alaskan Beaufort shelf-slope (Figure 6). The net isotopic signal of OC cycled at the easternmost
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Hammerhead line was −26.4h, likely indicative of a terrestrial, tundra-sourced OM accumulation.
This δ13C value is not interpreted as a CH4-AMO contribution to sediment organic carbon because
δ13CDIC in this region does not indicate active AMO [22]. In comparison, the net isotopic signal of
OC cycled along the Western Cape Halkett line was significantly more 13C-enriched with values at
−19.9h above the SMT and −22.9h below the SMT.

Previous research conducted in this area showed significant upward CH4 flux through the
sediments of these same Cape Halkett sampling sites [22]. Estimated sediment anaerobic CH4 oxidation
(AMO) rates along the study area were high (−100.1 to −154.8 mmol SO4

2− m−2 a−1, Table 1)
measured westward around Thetis Island and Cape Halkett [22]. Recent studies have shown AMO
to be a significant driver of shallow sediment and porewater carbon cycling processes [17,29]. Other
research conducted at sites with similar vertical CH4 diffusion rates have shown CH4 contributions
to shallow sediment OC are not significant in shallow sediments and were only observed deeper in
the sediment through and below the SMT [29]. Enriched sediment δ13CTOC values with a range of
−24.6 to −18.6h indicating significant contributions from phytodetritus to surface sediments were
observed in nearshore-to-offshore sediment core samples collected during studies conducted by others
westward at the boundary of the Beaufort-Chukchi Seas [47,48]. The more depleted net isotopic signal
of TOC cycled below the SMT as compared to above the SMT at Cape Halkett, likely a combination
of a significant phytodetritus to the surface sediments above the SMT and a CH4 AMO-derived OC
contribution to sediments below the SMT. With consideration of substantial AMO observed at Cape
Halkett [22], it is interesting that the observed shift in the net isotopic signal δ13CTOC from above and
below the SMT only suggests a moderate contribution of CH4 AMO-derived OC to the sediments
TOC pool. This observation is different from studies in other coastal areas [17,29]. In the Gulf of
Mexico, on Atwater Valley, AMO was observed to contribute up to 85% of the TOC at sites with active
advective vertical migration of porewaters and approximately 50% at sites with strong upward CH4

diffusion [17].
Based on several recent studies, it has been assumed that the phytodetritus contribution to

sediment OC loading is low because this OM is highly labile and is rapidly remineralized in surface
sediments [15,28,35,46,47,49]. Yet, eastward of the region in this study, at the Mackenzie River mouth,
the top 20–50 cm of sediment appears to be 20–95% phytodetritus-sourced [35,47]. While this is a
potentially high contribution to total sediment OC, this material is likely to be rapidly degraded
during the shallow sediment early diagenesis. Supporting this statement, a study of deeper sediments
at this same eastward location shows that the remineralization of phytoplankton-derived OC in
surface sediments resulted in a maximum contribution to the OC pool in deeper sediments of only
3% [49]. This observation is supported by a study of several continental shelf areas around the world
where predictions for phytoplankton remineralization in the water column and phytodetritus-OM
remineralization in shallow sediment was estimated to be 95% [15]. Additionally, radiocarbon
analyses indicate that the phytodetritus contribution to deeper sediment OC below the surface layer
was generally low. Instead, sediment OC concentrations appeared to be dominated by terrestrial,
tundra-sourced OC [28]. The observed contribution of phytodetritus in this study coupled with
high AMO at the same location may be a result of relatively recent westward sediment transport.
The core profiles presented in this study represent a net accumulation of sediments over approximately
5000–10,000 years. Sediment accumulation along the Alaskan Beaufort shelf is influenced by a strong
westward transport of sediments by ice scouring and currents. Any contribution of phytodetritus to the
sediments OC pool would be limited to relatively recent surface sediments that would likely move with
the prevailing pattern for sediment transport from east-to-west along the shelf. A notable exception
to east-to-west trends in sediment OC sources and distribution from Hammerhead to Cape Halkett
was the Thetis Island nearshore site, PC08, near the mouth of the Collville River. At this location,
the highest %TOC concentration was observed (Figure 2). The net isotopic signal of OC cycled derived
from the linear fit to δ13CTOC-weighted %TOC concentrations and %TOC concentrations was −31.1h.
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This suggests the possible accumulation of recently deposited terrestrial tundra-sourced OM, possibly
from the Colville River (Figure 6).

Sediment porewater DOC concentrations and δ13CDOC values also varied spatially, indicating
different OC source contributions across the Alaskan Beaufort shelf. Porewater DOC ranged from 0.7
to 6.9 mM and consistently increased with depth in the sediment (Figure 5). The highest porewater
DOC concentrations through the entire profiles were at Cape Halkett and in the one core (PC08) at
Thetis Island. The δ13CDOC values measured ranged from −35.1 to −24.0h with the lightest, more
depleted, values in shallow sediment and regions with the lowest DOC concentrations. As DOC
concentrations increased down core, there was a consistent increase in δ13CDOC values (becoming
less negative, or more enriched). At offshore Hammerhead, DIC concentrations through core profiles
were low with little variation in δ13CDIC while there were strong patterns in vertical profiles for these
parameters at Thetis Island and Cape Halkett [22]. The most depleted δ13CDOC values were measured
at the Hammerhead offshore site, PC03, in which DOC concentration was minimal. The low DIC with a
uniform δ13C profile [22] suggests low carbon cycling in this region. At Cape Halkett and Thetis Island,
variations in δ13CDOC above and below the SMT suggested a mixture of CH4, AMO-derived DOC
and DOC derived from the remineralization of OM from terrestrial tundra-sources with a possible
contribution of phytodetritus to the surface sediments [22]. DOC derived from thermogenic CH4,
transported from shallow sediment to deep water column off the Cascadia Margin, was depleted down
to −30.1h [55]. More depleted δ13CDOC values ranged from −42.8 to −20.1h in regions with strong
biogenic CH4 diffusion to shallow sediments in the Gulf of Mexico Atwater Valley and off the Coast of
New Zealand, Hikurangi Margin [17,29].

The slopes of the linear fits to δ13CDOC-weighted DOC concentrations and DOC concentrations in
sediment porewaters also showed interesting spatial variations in the net isotopic signal of DOC cycled
along the Alaskan Beaufort shelf (Figure 7). The net isotopic signals of DOC cycled at Thetis Island and
Cape Halkett were −27.3h and −26.6h (above the SMT) and −27.7h (below the SMT), respectively,
suggesting similar long term DOC production at these sites. The slight depletion in porewater δ13CDOC

values below the SMT at Cape Halkett are consistent with CH4 AMO and subsequent production of
DOC for contribution to the porewater DOC pool. Overall, the range of δ13CDOC values measured
suggests contributions from CH4 AMO and/or the remineralization of terrestrial tundra-sourced OM
dominating the sediment porewater DOC pool, although some contribution from phytodetritus in
the surface sediments cannot be ruled out. It is important to note that the relative contribution of
these different sources cannot be determined quantitatively with any degree of certainty with the
results of this study but the evidence of high AMO rates observed at these same sites in previous
research supports the conclusion of a significant CH4

−AMO-sourced contribution to porewater DOC
and sediment TOC pools [22].

The slope of linear fits to δ13CDOC-weighted DOC concentrations and DOC concentrations at the
Hammerhead sites are very interesting. The net isotopic signal of OC cycled in porewater DOC pool,
−37.8h, was clearly depleted as compared to the Thetis Island and Cape Halkett values (Figure 7).
Note that measured porewater DOC concentrations were lowest in this region and increased moving
westward. With increases in porewater DOC concentrations, there was a shift to more enriched
δ13CDOC values. Previous values for water column δ13CDOC measured by others in the Beaufort Sea,
were −23h and ascribed to phytoplankton production [28]. The net isotopic signal of OC cycled in
the porewater DOC pool at Hammerhead argues against the remineralization of phytodetritius as
the dominant OC source. Compound-specific δ13C analysis of leaf lipids has demonstrated alkane
values to be down to −38.6h [56]. The Hammerhead sites are located west of the Mackenzie River
delta. A previous study by others on Mackenzie River delta sediments showed short-chain fatty acid
δ13C values ranging from −25 to −29h (marine sourced) while longer chain fatty acids greater than
C20 were δ13C depleted, ranging from −29 to −33h (terrestrial-sourced [57]). Radiocarbon analyses
showed longer chain fatty acids to be 7000 to 12,000 years BP relative to short chain fatty acids having
modern signatures [57]. Drenzek et al. [57] concluded that 40–50% of OC was petrogenic and remaining
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material was OC from land-based plant materials. The depleted net isotopic signal of OC cycled in
the porewater DOC pool at Hammerhead from our study suggests that older (Pleistocence-aged),
more refractory, terrestrial OM, potentially from the Mackenzie River, may be the dominant source of
OM cycled in the porewaters at Hammerhead. This would be consistent with the general findings of
this study.

In conclusion, results suggest an east-to-west transport along the Alaskan Beaufort shelf of
modern Holocene sediments with higher OC concentrations primarily sourced from relatively labile
terrestrial, tundra OM sources and phytodetritus. Sediment transport patterns along the shelf result
in medium-to-long term accumulation and burial of sediment OM focused to the west which in turn
results in higher biogenic CH4 production rates, higher upward CH4 diffusion through the sediments,
and a higher CH4

−AMO-sourced contribution to the sediment OC pool below the SMT to the west
along the shelf. Regional climate change has the potential to impact, among other things, water column
productivity as well as the timing, duration, and intensity of the normal freeze-thaw cycle of the
tundra, therefore altering the flux of terrestrial, tundra-sourced OM to the coastal shelf. Likewise,
warming of intermediate and bottom waters along the shelf and in sediments with shallow gas hydrate
loadings could enhance CH4 diffusion rates to shallow sediments and elevated carbon cycling through
AOM. Lastly, changes in regional sea ice extent and concentration as well as changes in the spatial and
temporal distribution of the same, has the potential to alter coastal physics and sediment transport,
affecting the re-distribution of OM to the sediments of the Alaskan Beaufort shelf. Understanding
present contributions and distribution of OM to the sediments of coastal regions like the Alaskan
Beaufort shelf will help enhance understanding of the regional carbon cycle that will be a key factor in
model development for the prediction of Arctic response to future changes in climate.
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