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The MITAS (Methane in the Arctic Shelf/Slope) expedition was conducted during September, 2009 on-
board the U.S. Coast Guard Cutter (USCGC) Polar Sea (WAGB-11), on the Alaskan Shelf/Slope of the
Beaufort Sea. Expedition goals were to investigate spatial variations in methane source(s), vertical
methane flux in shallow sediments (<10 mbsf), and methane contributions to shallow sediment carbon
cycling. Three nearshore to offshore transects were conducted across the slope at locations approxi-
mately 200 km apart in water column depths from 20 to 2100 m. Shallow sediments were collected by
piston cores and vibracores and samples were analyzed for sediment headspace methane (CH4), pore-
water sulfate (SO4

2�), chloride (Cl�), and dissolved inorganic carbon (DIC) concentrations, and CH4 and
DIC stable carbon isotope ratios (d13C). Downward SO4

2� diffusion rates estimated from sediment pore-
water SO4

2� profiles were between �15.4 and �154.8 mmol m�2 a�1 and imply a large spatial variation in
vertical CH4 flux between transects in the study region. Lowest inferred CH4 fluxes were estimated along
the easternmost transect. Higher inferred CH4 flux rates were observed in the western transects. Sedi-
ment headspace d13CCH4

values ranged from �138 to �48&, suggesting strong differences in shallow
sediment CH4 cycling within and among sample locations. Measured porewater DIC concentrations
ranged from 2.53 mM to 79.39 mM with d13CDIC values ranging from �36.4& to 5.1&. Higher down-core
DIC concentrations were observed to occur with lower d13C where an increase in d13CCH4

was measured,
indicating locations with active anaerobic oxidation of methane. Shallow core CH4 production was
inferred at the two western most transects (i.e. Thetis Island and Halkett) through observations of low
d13CCH4

coupled with elevated DIC concentrations. At the easternmost Hammerhead transect and
offshore locations, d13CCH4

and DIC concentrations were not coupled suggesting less rapid methane
cycling. Results from the MITAS expedition represent one of the most comprehensive studies of methane
source(s) and vertical methane flux in shallow sediments of the U.S. Alaskan Beaufort Shelf to date and
show geospatially variable sediment methane flux that is highly influenced by the local geophysical
environment.

� 2013 Published by Elsevier Ltd.
1. Introduction

Global estimates of total methane (CH4) content in coastal ma-
rine sediment hydrates vary greatly, with themost commonly-cited
: þ1 202 404 8119.
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values ranging from 2600 to 210,000 Gt-C equivalent (Kvenvolden,
1999, 2002; Milkov and Sassen, 2003; Boswell and Collett, 2011).
Though the Arctic Ocean is only 1% of the total Earth ocean volume,
discrete high porosity and permeable lithologies often saturate
coastal ocean and permafrost sediment with gas hydrate (Collett,
2009), making the Arctic Ocean a key region for CH4-hydrate en-
ergy exploration and research on the role of CH4-hydrate in global
climate change. Past studies on climate change in the Arctic tend to
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assume that the land interface is the dominant CH4 source to the
atmosphere (Gorham, 1991; Oechel and Vourlitis, 1994; Frey and
Smith, 2005). However, with many coastal regions showing active
sediment CH4 fluxes (i.e. Shakhova et al., 2010), there is a need to
evaluate the contribution of Arctic Ocean sediment CH4 flux to
water column carbon cycling and the atmosphere (Isaksen et al.,
2011).

Gas hydrate in coastal Arctic oceans occurs primarily in two
different geologic settings. Nearshore, gas hydrate is expected to
occur at high saturation in sand-rich units as an offshore extension
of well-documented terrestrial permafrost-gas hydrate occur-
rences such as those along the North Slope of Alaska, northern
Canada, and Siberia (Collett, 2009). A recent review ofmultichannel
seismic data found the minimum expansion of subsea permafrost
does not extend past the 20 m isobath along the Alaskan Shelf,
Beaufort Sea (Brothers et al., 2012). Further offshore, gas hydrate
exists in deep water settings as a result of higher pressures. In the
Arctic Ocean, these conditions extend to somewhat shallower wa-
ter (w300 m) due to typically lower bottom-water temperature.
These deepwater hydrates settings impinge on the slope but do not
extend onto the shelf. Further evaluation of Arctic Ocean deep
sediment hydrate distribution and stability is needed to determine
potential changes in ecosystem carbon cycling, relative to tundra
extensions of permafrost hydrates to coastal regions, during future
warming (Biastoch et al., 2011).

This study presents a spatial overview of variation in the upward
vertical CH4 flux, estimated with a review of sediment CH4, pore-
water sulfate (SO4

2�), and dissolved inorganic carbon (DIC) con-
centrations and stable carbon isotope analyses (Borowski et al.,
1996) across the Alaskan Beaufort Sea, during the September
2009 MITAS (Methane in the Arctic Shelf/Slope) expedition, con-
ducted aboard USCGC Polar Sea (WAGB-11). At stable gas hydrate
pressure-temperature conditions the shallow sediment CH4 sug-
gests locations with sediment hydrate loadings (Borowski et al.,
Figure 1. Location of piston core and vibracore sites t
1996, 1999; Coffin et al., 2006, 2008). Core samples were
collected that cross between boundaries from permafrost to deep
ocean hydrates (Brothers et al., 2012), and these results show
geospatially variable sediment methane flux that is highly influ-
enced by the unique, local geophysical environment. The MITAS
expedition was one of the most ambitious and comprehensive
research expeditions to date to investigate spatial variation in
methane source(s), vertical methane flux in shallow sediments
(<10 mbsf), and methane contributions to shallow sediment car-
bon cycling on the U.S. Alaskan Beaufort Shelf/Slope.

2. Methods

2.1. Study area overview

The Beaufort Sea (Fig. 1) extends to the northeast from Point
Barrow, Alaska to Prince Patrick Island, southward toward Banks
Island and westward to the Chukchi Sea, covering 476,000 km2

with an average depth of 1004 m. The average shelf width on the
U.S. Alaskan region of the Beaufort Sea is 75 km with a coastal
westward current that is bordered by the Beaufort Gyre. This base-
geology of the shelf plain is mantled with up to hundreds of meters
of unconsolidated clastic materials sourced from the Gubik For-
mation (Engels et al., 2008). Surficial sediment deposits are highly
heterogeneous (Naidu and Mowatt, 1983). Over consolidated silty-
clay sediment is abundant through this region (Reimnitz and
Barnes, 1974). Sediment characteristic in this region is controlled
by dispersal and re-suspension of river-borne sediments, ice-
scouring, and coastal erosion and retreat (reviewed in Carmack
and MacDonald, 2002; Naidu and Mowatt, 1983). Ice-scouring
during the last glaciation was dominated by the northwestern
progression of the Laurentide ice sheet (Engels et al., 2008). Mod-
ern Holocene sediment supply on the shelf is primarily from the
two major river systems, the Mackenzie and Colville Rivers. In the
hrough Coastal Beaufort Sea in the Arctic Ocean.
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Canadian Beaufort Sea, sediment deposited through the Holocene
included terrestrial organic carbon from the Mackenzie River at a
rate of up to approximately 130e160 tones a�1 (Carmack and
MacDonald, 2002). In general, the shallow shelf sediments are
predominantly clay/silt with some sand and gravel from ice rafting
in a few locations, overlain by a thin veneer of finer grained Holo-
cene marine sediment. West of the Mackenzie River system,
Beaufort Shelf sediment is deposited from numerous, smaller Arctic
river systems including the Colville River (Dunton et al., 2006).
Previously-published seismic data showing bottom simulating re-
flectors (BSRs) along the Shelf/Slope westward of the Colville River
infer gas hydrate deposits lying 300 to 700 m below the sea floor
with overlying water column ranging from 400 to 2900 m
(Andreassen et al., 1997). A thorough review of seismic data in this
region indicates that tundra permafrost does not extend beyond a
water column depth greater than 20 m (Brothers et al., 2012).

Selection of sampling transects and coring locations was based
on a review of Bureau of Ocean Energy Management and U.S.
Geological Survey seismic data and onboard analysis of real-time
3.5 kHz acoustic data. Three coring transects were chosen to
cover a wide geographic area of the Alaskan Beaufort Shelf/Slope.
The transects were named for their general location and proximity
to man-made or natural geographic references as: 1) the
Hammerhead Line; 2) the Thetis Island Line, and; 3) the Cape
Halkett Line (Fig. 1, Table 1). At sites along each transect, seismic
profiles identified shallow sediment gas pockets in the permafrost
and the top of gas hydrate stability (TGHS) zone in nearshore lo-
cations potentially indicative of areas with elevated vertical
methane flux. At offshore sites, data review revealed Bottom
Simulating Reflectors (BSRs) and regions with seismic blanking as
potential indicators of active vertical fluid motion and/or diffusive
gas flux.

At the Hammerhead site, nearshore vibracore points (VC02 and
VC03) were selected based on seismic and borehole data from
previous exploration drilling. Moving offshore on the Hammerhead
Line, piston coring locations (PC02, PC03 and PC04) were selected
at water column depths of 490e2077 m. To the west of the
Hammerhead Line, the Thetis Island transect line was delineated by
piston coring sites PC08 and PC09 moving offshore in water depths
of 144.5 m and 306 m, respectively. Finally, the Western most Cape
Halkett transect line included four piston coring locations (PC11,
PC12, PC13, PC14) at water column depths ranging from 280 to
1957 m (Table 1, Fig. 1).

2.2. Core processing and sample collection

Sediment cores were collected using a piston corer (PC) and or
vibracore (VC) fittedwith 3m longe 2.7500 I.D. and 9m longe 3.6500
Table 1
Core date, location, water column depth and chloride. Abbreviations with the cores
represent the three different study regions across the Alaskan Shelf in the Beaufort
Sea; Cape Halkett (CH), Thetis Island (TI) and Hammerhead (H).

Core Date Latitude Longitude Depth
(m)

Chloride
(mM)

VC02, H 19-Sep-09 70�21.644800N 146�00.463500W 20 484 � 11
VC03, H 19-Sep-09 70�15.342100N 146�04.691800W 22 482 � 7
PC02, H 20-Sep-09 71�00.228100N 145� 27.036600 0 W 566 543.6 � 7
PC03, H 20-Sep-09 70�58.478400N 145�29.214200W 490 505 � 5
PC04, H 21-Sep-09 71�11.984600N 145�14.951100W 2077 470 � 17
PC08, TI 23-Sep-09 71�12.443300N 149�13.466000W 144.5 490 � 8
PC09, TI 23-Sep-09 71�13.144300N 149�13.233400W 306 521 � 5
PC11, CH 25-Sep-09 71�46.682800N 151�52.706700W 1458 519 � 5
PC12, CH 25-Sep-09 71�32.971200N 152�03.681100W 342 517 � 7
PC13, CH 25-Sep-09 71�31.863000N 152�04.754200W 280 499 � 6
PC14, CH 25-Sep-09 71�37.642000N 151�59.294300W 1005 509 � 4
I.D. (respectively) clear acetate-butyrate core liners. Actual core
lengths collected ranged from 105 to 675 cm, with an average of
w400 cm (Fig. 2). Free and sedimentary gases were sampled from
holes drilled in whole round core sections. Sediment plugs were
collected at distinct sampling intervals in a 3 mL polyethylene sy-
ringe with the end cut off, and transferred to pre-weighed 20 mL
serum vials from each section to measure the headspace CH4
concentrations (Hoehler et al., 2000). In select cores, where gas
pockets or cracks were clearly visible, free (CH4) gas was sampled
using a gas tight syringe.

After gas collection, cores were then cut into 1 m lengths and
split on a horizontal core splitter. Sediment sections were sampled
from each core at intervals ranging from 5 to 60 cm. Sediment
porewater was sampled from one of the two split halves using
Rhizon syringe extractions (Dickens et al., 2007; Seeberg-Elverfeldt
et al., 2005). Approximately 5 g of wet sediment were sub-sampled
from the other half of each split core section for the determination
of porosity and other physical properties. Porewater and sediment
sampling intervals were based on appearance of gas pockets or
cracks in the sediment, presence of dark (black) sediment, and
hydrogen sulfide odor (indicating sulfide production).

After extraction, porewater was dispensed into 1e10mL vials for
subsequent analysis. Headspace CH4 and porewater sulfate (SO4

2�),
chloride (Cl�), and dissolved inorganic carbon (DIC) concentrations
were determined shipboard to estimate the vertical CH4 flux and to
assist in the selection of core sites. Sediment sub-samples and
additional porewater sub-samples were stored and shipped
at �20 �C for sediment porosity determination and d13C analysis.

2.3. Sample analysis

Sediment CH4 concentrations were measured according to a
headspace technique (Hoehler et al., 2000) and quantified using
certified gas standards (Scott Gas). Samples were chemically
separated using a Shimadzu GC-14A gas chromatograph (GC)
equipped with a flame ionization detector and Hayesep-Q 80/100
column. Field data were corrected using sediment porosity data
measured post-cruise. The limit of detection (LOD) for CH4 con-
centrations was 0.009 mM. Methane concentrations are presented
in millimolar units (mM).

Porewater SO4
2� and Cl� concentrations were measured with a

Dionex DX-120 ion chromatograph equipped with an AS-9HC col-
umn, Anion Self-Regenerating Suppressor (ASRS Ultra II), and an
AS-40 autosampler using a method modified from Paull et al.
(2005). 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
standard seawater (28.9 mM SO4

�2, 559 mM Cl�). Analytical preci-
sion was �5% of the reference standard. The porewater SO4

2�

gradient and depth of depleted SO4
2� concentrations (LOD

w0.6mM)were used to estimate the downward SO4
2� diffusion rate

and the approximate depth of the Sulfate Methane Transition
(SMT). Chloride concentrations were used to assess potential
porewater advection, hydrate dissociation, and of the contribution
of tundra-sourced hydrates to coastal sediment porewaters.

Porewater DIC concentrations were determined with a coulo-
meter (UIC) and quantified against certified reference seawater
(Scripps Institution of Oceanography, University of California, San
Diego, CA). Conversion of DIC to CO2 and separation from inter-
fering sulfides was conducted according to Boehme et al. (1996).
Briefly, a phosphoric acid (10%) solution saturated with CuSO4 was
added to samples to convert DIC to CO2 and precipitate total dis-
solved sulfide. CO2 was transferred to the coulometer with purified
nitrogen gas. Concentrations and LOD for DIC was calculated to be
0.23 mM.
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For d13CDIC analysis, an excess of 85% phosphoric acid was added
to a 2 mL serum vial containing 1.5 mL of porewater to convert DIC
to CO2. Vials were shaken to purge the CO2 into the headspace.
Samples were injected into the split/splitless injector of a Thermo
Trace GC, and CO2 was separated with a Varian Porapak-Q column
(25 m, 0.32 mm id). d13CDIC values were measured with a Delta Plus
XP Istotopic Ratio Mass Spectrometer (IRMS) (Thermo). Measured
d13C values were standardized using tank CO2 referenced to the
NIST RM 8560 natural gas standard.

Headspace and free-gas d13CCH4
values were determined using a

ThermoTrace GC interfaced via a GC-C III combustion unit to a Delta
Plus XP IRMS (Plummer et al., 2005; Coffin et al., 2008). Samples
were injected into a helium stream and cryogenically concentrated
on a 3 cm segment of Porapak-Q column (0.32 mm id) immersed in
liquid nitrogen (Plummer et al., 2005). All d13CCH4

values were
measured against CO2 reference gas, which was normalized to the
Vienna Pee Dee Belemnite (VPDB) scale through analysis of a
certified natural gas standard (NIST RM 8560).

Sediment porosity (4) was measured gravimetrically (Hoehler
et al., 2000; Coffin et al., 2008). Sediment water content was
determined assuming constant porewater and bottom water den-
sity and then 4was calculated using a constant solid matter density
(rsm) of 2.50 g/cm3.
Table 2
Estimates of the sulfate-methane-transition (SMT), downward sulfate diffusion,
sediment porosity for core locations in the Beaufort Sea. Abbreviations with the
cores represent the three different study regions across the Alaskan Shelf in the
Beaufort Sea; Cape Halkett (CH), Thetis Island (TI) and Hammerhead (H).

Core SMT (cmbsf) SO4
2� (mmol m�2 a�1) Average porosity

VC02, H e �15.4 0.482 � 0.057
VC03, H e �15.2 0.422 � 0.037
PC02, H e �1.9 0.635 � 0.089
PC03, H e �6.1 0.642 � 0.076
PC04, H e �2.1 0.509 � 0.084
PC08, TI 179 �100.1 0.475 � 0.029
PC09, TI 351 �37.7 0.664 � 0.017
PC11, CH 629 �27.4 0.718 � 0.032
PC12, CH 147 �124.7 0.672 � 0.024
PC13, CH 106 �154.8 0.659 � 0.023
PC14, CH 373 �44.2 0.709 � 0.034
3. Results

Sediment headspace CH4 concentration in cores ranged from
LOD to 14.24 mM (Fig. 2). Lowest concentrations, up to 0.01 mM,
were measured in nearshore and offshore cores from the
Hammerhead Line (VC03, VC04, PC02, PC03, and PC04, Fig. 2). In
cores collected along the Thetis Island Line (PC08, PC09), heasd-
space CH4 concentrations ranged from LOD to 4.02 mM with
highest at PC08 (Fig. 2). Headspace CH4 concentrations in cores
along the Cape Halkett Line ranged from LOD to 14.24 mM, with
higher concentrations in deeper core sections. Cores PC12 and
PC13, located at the more shallow water column depths, had the
highest headspace CH4 concentrations measured at the Cape Hal-
kett site (and highest of any cores collected during the MITAS
expedition) while PC11 and PC14, located in deeper waters, were
lowest (Fig. 2, Table 1). The general trend in headspace CH4 vertical
profiles in all cores showed lowest concentrations in shallow sed-
iments with an increase at mid-core depths.

Porewater SO4
2� concentrations in cores ranged from LOD to

26.7 mM (Fig. 2). Concentrations for Hammerhead nearshore
cores (VC02, VC03) ranged from 24.7 mM at surface down to
19.4 mM, in VC03. Sediment porewater concentrations in the
offshore cores from the Hammerhead Line were near typical
seawater values of 26.5 mM in sections close to the sedimente
water interface decreasing slowly with depth to a down-core
minimum of 19.6 mM at 675 cmbsf (PC03). At Thetis Island,
porewater SO4

2� concentrations decreased much more rapidly
with depth, reaching LOD mid-core at 180 cmbsf in PC08 and at
392 cmbsf for PC09. Shallowest SO4

2� profiles were in cores from
the Cape Halkett Line with minimum concentrations of 9.1 mM at
546 cmbsf in the furthest offshore core, PC11. In cores from the
Cape Halkett Line closer to shore, up the slope, concentrations
reached below LOD at 405, 110 and 220 cmbsf for PC12, PC13 and
PC14, respectively. Trends in the SO4

2� profile varied among the
different regions (Fig. 2). At Hammerhead profiles showed little
change with depth and did not reach LOD. Westward at Thetis
Island, a rapid shift in the profiles was observed with steeper
slopes reaching SO4

2� LOD. Further westward at Cape Halkett SO4
2�,

minimums were shallower nearshore. However, offshore SO4
2�

profiles were non-linear and did not reach LOD.
Average porewater Cl� concentrations measured in the sedi-
ment cores collected ranged between 470 � 17 to 543.6 � 7 mM
(Table 1). The highest porewater Cl� values were in offshore cores
(PC11, PC14) from the Cape Halkett Linewhile lowest values were in
nearshore cores (VC-02, 03; PC-04) from the Hammerhead Line
(Table 1, Fig. 1). In general, sediment porewater Cl� concentrations
increased nearshore to offshore with PC04 on the Hammerhead
Line being a notable exception (Table 1).

Measured porewater DIC values in the sediment cores ranged
from 2.53 to 79.39 mM (Fig. 2). Low porewater DIC concentrations
were measured in the nearshore cores from the Hammerhead Line
(VC02 and VC03; range 4.06e12.29 mM) with minimum values
near the surface that increased slightly with depth. Measured
porewater DIC concentrations at the Hammerhead Line offshore
cores (PC03 and PC04) were typically lower (2.53e10.16 mM) and
showed little variation vertically. Moving westward to Thetis Island
Line cores, porewater DIC concentration in cores PC08 and PC09
rapidly increased with depth to 19.8 mM at 160 cmbsf in PC08 and
47.4 mM at 392 cmbsf in PC09. Porewater DIC concentration
generally varied with sediment headspace CH4 profiles and
inversely with porewater SO4

2� profiles (Fig. 2). DIC concentrations
continued to increase moving further west to the Cape Halkett
cores (PC12 and PC13), increasing rapidly at the bottom of both
cores up to as high as 79.39 mM.

Average sediment 4 ranged from 0.422 � 0.037 to 0.718 � 0.034
(Table 2) with the highest values in cores collected along the
westward Cape Halkett Line. At this location, values increased from
0.659 � 0.023 in PC12 closer to the shelf break to 0.718 � 0.032 in
PC-11 from the slope. Lowest sediment 4 values were at nearshore
Hammerhead core sites (VC-02) with a minimum value of
0.422 � 0.037 at VC02 (Table 2). Other notable low average sedi-
ment 4 values were in the PC08 core from the Thetis Island Line
(0.509 � 0.084) and the PC04 (0.475 � 0.029) core from the
Hammerhead Line.

Sulfate diffusion rates were estimated by plotting a regression
line, relative to depth, using porewater SO4

2� concentrations that
ranged from �1.9 to �154.8 mmol m�2 a�1 (Table 2). Lowest
diffusion rates were at the offshore Hammerhead site with a range
of �1.9 to�6.1 mmol m�2 a�1. Moving inshore at the Hammerhead
site there was a moderate increase to�15.4 mmol m�2 a�1. Moving
westward, estimated SO4

2� diffusion rate increased, with maximum
values of �100.1 mmol m�2 a�1 and -154.8 mmol m�2 a�1 at the
Thetis Island and Cape Halkett Lines, respectively. At both of these
westward locations, the highest SO4

2�
flux rates were at shallow

core points. Methane profiles were compared with sulfate profiles
to estimate SMT depth at Thetis Island and Cape Halkett (Table 2). A
minimum SMT depth (106 cmbsf) was at Cape Halkett PC13 while
deepest SMTs were further offshore (629 cmbsf, PC11).
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d13CCH4
of gas collected from pockets in the PC12 core from the

Cape Halkett Line was �84.4 � 0.5& (n ¼ 12). d13CCH4
for sediment

headspace CH4 in all cores ranged from �137.2& to �48.2&, when
detectable (Fig. 3). A general trend through all cores was that
d13CCH4

were enriched in shallow sediment and depleted with
depth. An exception to this trend was in the PC12 and PC13 cores
from the Cape Halkett Line, where d13CCH4

was depleted to �100&
at 150 and 110 cmbsf, respectively, followed by 13C enrichment
to �82.7& down core. Lowest d13CCH4

in all cores was at
PC04, �137.2& at 190 cmbsf, offshore at the Hammerhead Line
(Fig. 3).

d13CDIC in porewater varied from 5.1& to �36.3& along vertical
profiles among all locations (Fig. 3). In all cores, porewater d13CDIC
near the sediment water interface were near typical seawater
values (�10 to 0&). Cores collected along the Hammerhead Line
(VC02, VC03, PC02, PC03, PC04) showed profiles that were gradu-
ally 13C-depleted from the surface to deep porewater with little
change in d13CDIC values with depth (Fig. 3). Porewater DIC
collected along the Thetis Island and Cape Halkett Lines that had
significant CH4 concentrations (PC08, PC12, PC13) was much more
13C-depleted (w�40& to �20&) towards and through the
apparent SMT. The PC08 core from the Thetis Island Line showed
shallow, rapid 13C-depletion to w�40.0& at the SMT at
w150 cmbsf, then rapid 13C-enrichment tow�22.0& from the SMT
to core base (w200 cm). Likewise, Cape Halkett cores PC12 and
PC13 showed rapid 13C-depletion down to w�21.0& at the SMT
between 80 and 130 cmbsf that shifted to enriched d13CDIC values
of þ5.1&.
4. Data evaluation

Porewater SO4
2� profiles in shallow sediments over deep hy-

drates are dependent upon the upward vertical CH4 flux and
sediment properties which control the deposition and burial rate of
terrestrial and planktonic organic matter, bioturbation and bio-
irrigation, and the downward diffusion of seawater SO4

2�from the
water column. With strong spatial variation in ice-scouring of
surface sediments through this study region we focus on the ver-
tical CH4 flux observed by the linear slopes of vertical SO4

2� profiles
(Borowski et al., 1999; Coffin et al., 2008). Porewater SO4

2� con-
centrations generally decrease through the shallow sediment as
SO4

2� is consumed as the terminal electron acceptor during
decomposition of organicmatter via organoclastic sulfate reduction
(SR) (Berner, 1964, 1978) or through anaerobic oxidation of
methane (AOM) (Borowski et al., 1996, 1999). Organoclastic SR is
dominant in many marine locations though SR may be coupled
with AOM in the presence of CH4 (Borowski et al., 1999; Aharon and
Fu, 2000; Valentine and Reeburgh, 2000; Orphan et al., 2001;
Valentine, 2002; Coffin et al., 2008). In sediments with vertical CH4
flux, AOM may be the dominant pathway for SR (Borowski et al.,
1996; Boetius et al., 2000; Pancost et al., 2000; Torres et al.,
2003; Zhang et al., 2003; Treude et al., 2005; Coffin et al., 2008).
In these locations, AOM is conducted by way of a metabolic part-
nership between methanogen-like archaea that oxidize CH4 and
SO4

2� reducing bacteria (Orphan et al., 2001; Valentine, 2002) and
can be described by the following net reaction:

CH4 þ SO2�
4 /HCO�

3 þ HS� þH2O (1)

The sedimentary horizon where CH4 and SO4
2� co-occur and are

consumed during AOM is termed the sulfate methane transition
(SMT) (Borowski et al., 1999; Valentine, 2002). The depth of the
SMT and rates of AOM are controlled by the rate of vertical upward
CH4 and downward SO4

2� diffusion (Borowski et al., 1996, 1999).
Assuming a steady-state inverse linear relationship between CH4
and SO4
2� (Borowski et al., 1996), in which organoclastic SR is

constant and the vertical CH4 gradient vary as a function of the
AOM rate, one can use SMT depth and the slope of the downward
porewater SO4

2� gradient to estimate SO4
2� diffusion rate fromwater

column into sediment and thus infer upward CH4 (diffusive) flux.
Physical and biological processes, such as slope instability, fluid
advection, bioturbation, pulsed inputs of organic matter, and SR not
coupled to AOM can result in a nonesteady state relationship be-
tween SO4

2� and CH4 profiles that limits using SO4
2� porewater

profiles to predict vertical CH4 flux (Hensen et al., 2003; Joye et al.,
2004; Coffin et al., 2006, 2008). The sulfate-methane-transition
depth (SMT) was determined as the depth in the sediments
where minimum CH4 and SO4

2� concentrations converge plus half
the depth to the next core section (Coffin et al., 2008).

Sulfate diffusion rates were calculated from the linear fit to the
SO4

2� concentration gradient according to Fick’s first law (Berner,
1964, 1978):

J ¼ �4$Ds$
dc
dx

(2)

where J represents the SO4
2�

flux (mmol m�2 a�1), 4 is the sediment
porosity, Ds is the sediment diffusion coefficient, c is the range in
SO4

2� concentration and x is the range in depth for the linear section
of the SO4

2� porewater profile. Ds is the diffusion coefficient for
SO4

2�:

Ds ¼ D0

1þ nð1� 4Þ (3)

where D0 is assumed to be 8.7 � 10�5 cm2 s�1 (Iversen and
Jørgensen, 1993), n ¼ 3 was assumed for the clay silt sediments in
this region, and 4 is the sediment porosity determined from core
sub-samples. Downward SO4

2� diffusion into the sediment is
expressed as negative and upward CH4 flux is expressed as positive
(out of the sediment). Methane flux (diffusive) out of the sediment
was inferred from the SO4

2� diffusion rate by assuming a 1:1 ratio of
SR to CH4 oxidation that is typically present during AOM (Equation
(1);Borowski et al., 1996; Burdige and Komada, 2011). In sediment
cores with non-linear porewater SO4

2� profiles near the sediment
surface, deeper, linear portions of the SO4

2� profile below the
apparent mixing depth were selected for calculation of SO4

2�

diffusion rate (Berner, 1978; Coffin et al., 2008). In sediment cores
with clearly non-linear SO4

2� profiles, it was assumed that non-
linear and/or non-steady state conditions were present so the
SO4

2� diffusion rate, and hence the CH4 flux, could not be estimated.
5. Discussion

SMT depths and SO4
2� diffusion rates were estimated for cores

collected along the Hammerhead, Thetis Island, and Cape Halkett
Line (Table 2, Fig. 1). The scale and shape of measured headspace
CH4 and porewater SO4

2� and DIC profiles varied from core-to-core
and between different core locations, suggesting a large degree of
spatial variability in methane fluxes on the Alaskan Beaufort Shelf
(Fig. 2). SMT depth in the sediment can be estimated where
headspace CH4 concentrations approach the LOD in conjunction
with a rapid depletion of porewater SO4

2�, assuming steady-state
conditions and SO4

2� consumption dominated by AOM (Table 2,
Borowski et al., 1996, 1999). Where the lowest sediment headspace
CH4 concentrations were measured through core profiles, there
was a shallower slope in the SO4

2� profile and hence a deeper
estimated SMT and a lower downward diffusion rate of seawater-
derived SO4

2� (Hammerhead Line: VC02, VC03, PC02, PC03, PC04).
In contrast, shallow SO4

2� minima were in cores from the Thetis
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Island Line (PC08) and the Cape Halkett Line (PC12, PC13) which
also had higher headspace CH4 concentrations. Linear headspace
CH4 and SO4

2� profiles were inversely related in these cores, with
especially strong inverted patterns at PC12 and PC13 (Fig. 2) sug-
gesting high rates of AOM (Borowski et al., 1996,1999; Boetius et al.,
2000; Coffin et al., 2008; Knittel and Boetius, 2009).

For cores PC08, PC12, PC13 and PC14, a clear depletion of CH4
and SO4

2� sourced from deeper sediment and overlying seawater,
respectively, was observed and provided a range of SMT estimates
from 106 to 373 cmbsf (Table 2). In cores PC09 and PC11, SO4

2� and
CH4 profiles covaried which is indicative of AOM (353 and
629 cmbsf, respectively). Variations in SO4

2� profiles in cores from
PC03, PC04, VC02 and VC03 result from variable rates of organo-
clastic SR and resultant downward SO4

2� diffusion.
Analyses of the spatial variations in porewater SO4

2� profiles
provide a general summary among coring sites for AOM and
organoclastic SR relative to the downward diffusion of SO4

2�

through shallow sediment (Table 2). The lowest SO4
2� diffusion

rates were estimated for offshore and nearshore Hammerhead core
sites with a minimum of �2.03 mmol SO4

2� m�2 a�1. More rapid
SO4

2� diffusion rates were estimated westward at the Thetis Island
Line (PC08, �100 mmol m�2 a�1). Further westward, on the Cape
Halkett Line, the highest SO4

2� diffusion rates ranged from �17.7
to �155 mmol m�2 a�1; with the highest rates at coring sites PC12
and PC13.

Where SO4
2�, CH4 and DIC profiles suggest AOM, estimates of

CH4 flux based on porewater SO4
2� profiles (Table 2) are in the range

of recent studies of other coastal regions (Table 3). Active vertical
CH4 diffusion ranged from 6.3 to 362 mmol m�2 a�1 off the mid
Chilean Margin, At water Valley in the Gulf of Mexico, and coast of
Uruguay (Hensen et al., 2003; Treude et al., 2005; Coffin et al., 2006,
2008). Rates at deeper coring sites in this study were similar to that
in nearby Bering Sea shelf slope of 25.3 mmol m�2 a�1 (Wehrmann
et al., 2011). Substantially lower diffusion rates have beenmeasured
in other coastal regions; e.g. 7.2e7.9 mmol m�2 a�1 on Blake Ridge
(Dickens, 2001). Estimated vertical CH4 fluxes were highly variable
at our three regions across the Beaufort Sea. Eastward in the study
region, low fluxes similar to those measured on Blake Ridge were
estimated at Hammerhead nearshore tundra and offshore slope
core sites. Moving westward to Thetis Island and Cape Halkett core
sites, estimated vertical CH4 flux was more rapid and similar to
other coastal regions that have deep sediment hydrate deposits
that are driving shallow sediment CH4 cycling. However, this region
is likely to have hydrate formation in shallower sediment due to
lower temperatures creating stability in more shallow sediment
and sediment accumulation during past ice scouring (Engels et al.,
2008).
Table 3
Overview of methane SMT and diffusion rates at different coastal regions around the wo
diffusion profiles and the assumption of a 1:1 methane:sulfate stoichiometry during AO

Location Minimum
SMT (cmbsf)

Maximum
SMT (cmbsf)

Beaufort Sea 147 2905
Mid Chilean Margin 33 1011
Atwater Valley, Gulf of Mexico 0 410
Kara, Chukchi and White Seas e e

Hikurangi Margin, New Zealand 183 1287
Alaminos Canyon, Gulf of Mexico 308 1793
Umitaka Spur, Japan 200 300
Western Argentine Basin 370 22,000
Garden Banks and Mississippi

Canyon, Gulf of Mexico
w100 w250

Southern Chilean Margin e e

Bering Sea Slope 6 e
The data in this study are limited given the large area but, in
general, shallower SMTs, higher sulfate diffusion rates, and higher
inferred CH4 flux rates were observed moving nearshore to
offshore, shelf to slope, and moving east to west from the
Hammerhead to Cape Halkett Line (Table 1, Figs. 1 and 2). The
reason for this spatial trend is an area of ongoing research byMITAS
collaborators. It is likely related to a variety of factors, such as in-
fluence of local organic matter methane sources, regional circula-
tion patterns and specialized sediment transport mechanisms (e.g.
ice gouging, rafting), as well as the unique geologic and geophysical
environment of the U.S. Alaskan Beaufort Shelf/Slope. Coastal
erosion in our study area is a substantial input of sediment carbon
(Jorgenson and Brown, 2005). Westward deposition results from
ice souring and subsequent glaciogenic sediment beds forming
during Pleistocene glacial periods (Engels et al., 2008) could result
in the long term organic matter accumulations and subsequent
elevated vertical methane flux. Sediment gouging and subsequent
ice-rafting is a major sediment transport mechanism along the
Beaufort Shelf Slope and could influence organic matter and sedi-
ment transport (Naidu and Mowatt, 1983).

Differences in sediment 4, suggest some degree of geologic
control on sediment CH4 flux (Table 2). Sediment 4 was generally
lower nearshore and increased offshore at each transect line, with
the offshore PC08 site on the Thetis Island Line as the notable
exception. The PC08 core was exceptional in that it was more
similar to other nearshore cores and it contained firm to very firm,
clayey-silt with rare silt lamina, FeS mottling and bands
throughout. Shell fragments and organic material were present in
the lower half of the core (K. Rose, NETL, unpublished). Also, the
gradual freshening of sediment porewaters in cores moving
offshore to nearshore, based on Cl� concentrations, might be an
indication of permafrost extension out onto the U.S. Alaskan
Beaufort Shelf (Table 1). Porewater salinity is known to influence
methane hydrate stability and vertical porewater flux rates (Lu and
Matsumoto, 2005).

Porewater DIC concentrations and core profiles were consistent
with headspace CH4 and SO4

2� profiles. In cores with measurable
headspace CH4, porewater DIC increased with depth down through
the SMT as HCO3

- was released into porewaters in a 1:1 stoichi-
ometry with the consumption of CH4 and SO4

2� during AOM
(Equation (1)). Higher down-core porewater DIC concentrations
can be indicative of elevated AOM rates. Interestingly, DIC con-
centrations were relatively high (up to 79.4 mM) at Cape Halkett
(PC12, PC13, PC14) and are remarkably higher than those reported
in regions with high CH4 diffusion rates; e.g. a maximum of 20e
40 mM DIC in other coastal regions (Coffin et al., 2006, 2008;
Arvidson et al., 2004; Hamdan et al., 2011). Given these DIC
rld. The methane diffusion rates are summarized on the basis of downward sulfate
M.

Minimum diffusion
(mM CH4 m�2 a�1)

Maximum diffusion
(mM CH4 m�2 a�1)

Reference

2.1 154.8 This study
13.3 362.0 Coffin et al., 2006
20.4 249.1 Coffin et al., 2008
0.44 47.4 Lein et al., 2011

11.4 86.2 Coffin et al., 2007
Coffin et al., 2007

58 102 Snyder et al., 2007
1 162.5 Hensen et al., 2003

e e Ruppel et al., 2005

46 100 Treude et al., 2005
e 25.3 Wehrmann et al., 2011
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concentrations were higher than CH4 through the profiles, there is
likely an alternate (bio-) geochemical cycle or allochthonous source
contributing to porewater DIC.

d13C of CH4 and DIC values can be used to delineate CH4 sources
and cycling between the three transect lines in this study. d13CCH4

of PC12 gas pockets (�84.4 � 0.5&, n ¼ 12) and a C1/C2 ratio of
89,000 for PC8, PC11, PC12 and PC13 when ethane was present
indicates a biogenic methane source at these sites. Earlier studies in
Mackenzie Delta have also reported biogenic methane to be the
dominant gas source (Dallimore and Collett, 1995, 1998). Along
with strong variations in CH4 concentrations, significant d13CCH4

variation (�137.2& to �48.2&) in samples collected in this study
highlights differences between CH4 production and oxidation in the
sediments of the U.S. Alaskan Beaufort Shelf/Slope (Whiticar, 1999,
Fig. 3). A general trend through all of the shallow core sections in
this study was 13C enrichment from isotopic fractionation during
AOM (Hinrichs et al., 1999). There were large shifts in d13CCH4

vertical profiles at PC12 and PC13. These cores had shallow SMTs
and a rapid diffusive CH4 flux rate as inferred by the steep, linear
slope of the porewater SO4

2� profile (Table 2). Another unique
observation in the d13CCH4

profiles was high 13C-depletion mid-
profile in PC04, located offshore Hammerhead. This 13C-depleted
signature was in the range of 200 cmbsf, well above the predicted
SMT of 2905 cmbsf, and suggested shallow sediment CH4 produc-
tion. Depleted CH4 d

13C occurs during biogenic methane production
in slow diffusive porewater gradients (Martens and Berner, 1974;
Wehrmann et al., 2011).

d13CDIC in sediment porewater ranged from �36.4& to 5.1&
(Fig. 3) and often co-varied with d13CCH4

, suggesting varying de-
grees of CH4 cycling between locations. In the surface core, d13CDIC
ranged from approximately�10& to 0.5& through the profile with
a maximum depletion at 10 cmbsf. Where shallow SMT depths
were measured (PC08, PC12, PC13), there was a sharp depletion in
d13CDIC, down to�10& resulting fromAOM. Finally, at Cape Halkett,
with shallow SMT there was a shift in d13CDIC, below the SMT, up to
5.1& from isotope fractionation in the DIC pool that was associated
with CH4 production.

Sources and cycling of CH4 (Fig. 4) and DIC (Fig. 5) through the
core transects are summarized using the following equations (Aller
and Blair, 2006; Blair et al., 2003):

Cx ¼ Ca þ Cb (4)

d13CxCx ¼ d13CaCa þ d13CbCb (5)

d13CxCx ¼ d13CaCa þ d13CbCb þ d13CDDC (6)

dðd13CxCxÞ
dC

¼ d13CD þ dðd13CDÞ
dC

(7)

d13C of carbon cycled through Cx (CH4 and DIC, Equation (4)) was
assumed to result from two carbon sources (a and b) concentrations
and d13C (Equation (5)). For CH4 analysis, it was assumed that the
source was biogenic and that values are shifted in the sediment
profile due to AOM and methanogenic metabolism. This variation
can be resolved by comparing CH4 concentration and d13C by source
and degree of fractionation during cycling. For porewater DIC, it was
assumed that the source is seawater and microbial respiration vs.
autotrophic production is the dominant influence on porewater DIC
profiles. With these assumptions for CH4 and DIC, DC represents the
quantity of carbon cycled and d13CD is a net isotopic change (Equa-
tion (6)). Assuming d13CaCa is constant or zero andDC does not equal
zero, a linear correlation in this relation provided d13CD as source
carbon cycled through a sediment profile (Equation (7)).
Based on this data analysis, sediment CH4 was found to be
biogenic across the Alaskan Beaufort Shelf, with a large range in
d13C (�107.6& to �68.0&, Fig. 4), suggesting strong spatial varia-
tion in CH4 cycling. Range in d13CCH4

between locations is
controlled by vertical CH4 flux (Table 2) and AOM. d13CCH4

enrich-
ment was greatest in shallower depths along the Hammerhead
Line, indicative of isotopic enrichment relative to PC13 gas pockets.
In all other cores, there was depleted d13C that varied with esti-
mated vertical CH4 flux. At PC12 and PC13, where the maximum
CH4 diffusion was estimated (124.7e154.8 mM CH4 m�2 a�1), the
source d13CCH4

was�85.6& and�86.6&, similar to d13CCH4
in PC12

core gas pockets. With a lower CH4 diffusion rate (PC04, PC09, PC11,
PC14), d13CCH4

was isotopically depleted, indicative of a high
shallow sediment CH4 production. Thetis Island Line core PC08 did
not fit this pattern; while there was a relatively shallow SMT that
indicated a strong vertical CH4 flux, other data suggested additional
carbon sources and cycles contribute to net carbon cycling.

Relative to d13CCH4
, there appeared to be multiple factors

through our study region that influence the porewater DIC pool
including AOM, methanogenesis, carbonate dissolution and pre-
cipitation, and organoclastic sulfate reduction (Fig. 5). Below the
SMTat PC12, PC13 and PC14, d13CDIC was enriched (up to 39.1&) and
d13CCH4

was depleted (Fig. 4) indicating high rates of methano-
genesis within the piston core profile. Below the SMT for PC08 and
PC09, DIC was 13C depleted and more characteristic of porewater
profiles (Fig. 5). Above the SMT at Cape Halkett, a depth that CH4 is
not present (PC11, PC12, PC13, PC14), there was a strong shift in the
DIC signature from seawater toward a value characteristic of a
phytoplankton source (Fig. 5,�19.2 to�21.4&). Estimates of pelagic
contribution to shallow sediments suggest phytoplankton can
contribute up to 56% of carbon in the Beaufort and Chukchi Seas
(Belicka et al., 2004). At the Thetis Island Line, d13CDIC was elevated
and more characteristic of seawater d13CDIC (�11.2& to �1.78&,
Fig. 5). With the exception of PC04, there was not a large change in
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d13CDIC at nearshore and offshore Hammerhead sites. Near-shore
sites on the Hammerhead Line (VC02, VC03) had slight enrich-
ment in DIC that may be from tundra C4 plants (Peterson et al.,
1980). Offshore there was a strong d13CDIC depletion (�42.3&)
suggesting the source could be related to methane cycling and
oxidation. Given low background methane concentrations and
offshore location of this core, this pattern in DIC signature is likely
from AOM over an extended period of time.

6. Conclusions

This study provides a thorough assessment of spatial variation
in vertical CH4 fluxes across the U.S. Alaskan Beaufort Shelf. Results
reveal moderate vertical methane flux on the shelf relative to other
regions in the Arctic Ocean, including those with high atmospheric
CH4 flux (Shakhova et al., 2005). Furthermore, the gas flux measure
in this study was low relative to measurements above hydrate
deposits in other coastal oceans (Table 3). Therewas a strong spatial
variation in CH4 diffusion though out the shallow sediments
measured in this study. Eastward at the Hammerhead Line, very
low diffusion rates were estimated from sediment porewater SO4

2�

profiles. Moving westward, a strong shift the SO4
2� concentration

slope coupledwith a shallow sediment disappearance of CH4 shows
indicated elevated vertical methane flux. Highest vertical CH4
fluxes were nearshore on the Cape Halkett Line and did decrease
moving down slope. Spatial pattern in AOM levels along the
Beaufort Shelf/Slope coincides with westward transport of
sediments during ice scouring. This would indicate that the CH4 at
this study location was formed since the last glaciation (Engels
et al., 2008).

Methane release from shallow sediment has the potential to
impact global climate (Dickens et al., 1995), however sources and
relative contribution of ocean and tundra CH4 is not well un-
derstood. In the Beaufort Sea-Mackenzie Delta, high methane
hydrate loading is recognized as a potential atmospheric source
(Osadetz and Chen, 2010). Recent studies do show significant CH4
flux from sediment to atmosphere, up to 2500%e4400% super
saturation in now submerged, former tundra regions around the
East-Siberian and Laptev Sea (Shakhova et al., 2005). The source
of this methane is not known and could easily be derived from
non-hydrate organic carbon stores in degrading permafrost.
Further, studies in Greenland and Antarctic ice cores from the
Younger and Older Dryas periods with deuterium analysis of CH4
suggest that methane hydrates are not significant contributors to
methane increases during Quaternary, post-ice age, warming
periods (Sower, 2006; Petrenko et al., 2009). Even if coastal
sediment CH4 that is mobilized during warming events (regard-
less of its source) is not significantly transported to the atmo-
sphere, it may play a role in ocean carbon cycling and ocean
ecology. Carbon isotope studies suggest CH4 contribution to
water column carbon cycling (Kelley et al., 1998; Cherrier et al.,
1999). Determining the capacity for sediment and water col-
umn to assimilate CH4 will support modeling to predict the im-
plications of arctic methane releases.
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