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Microbial methane production preferentially incorporates the
light carbon isotope. As sediment ages, more of the original CO,
is converted to methane, leaving behind an isotopically heavier
residual DIC. This DIC is progressively enriched in '3C below 200
meters below seafloor with increasing distance from the deforma-
tion front.

In the shallower sections, minima in downcore 8'*Cp¢ profiles co-
incide with the sulfate-methane transition (SMT) zone. Here the
33Cpc values provide information on the metabolic pathways
that consume sulfate and reveal that anaerobic oxidation of
methane (AOM) is not the dominant reaction at all sites drilled.
There appears to be no simple correlation between the extent of
AOM, depth of the SMT, and thickness of the gas hydrate occur-
rence zone along the transect drilled in northern Cascadia.

Introduction

Drilling on northern Cascadia was aimed at understanding the
biogeochemical factors controlling the distribution and concen-
tration of gas hydrates in an accretionary margin setting. To con-
Torres, M.E., and Kastner, M., 2009. Data report: strain the distribution and concentration of gas hydrate in this
clues about carbon cycling in methane-bearing region, a transect of four sites (Sites U1325, U1326, U1327, and
sediments using stable isotopes of the dissolved U1329) was drilled during Integrated Ocean Drilling Program
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(ODP) Leg 204 (Fig. F1) (Tréhu et al., 2006). Several
of the objectives in Expedition 311 and Leg 204 ad-
dress fundamental questions pertaining to the car-
bon cycle and fluid transport in this accretionary
margin, as these processes play fundamental roles in
unraveling the source and flux of hydrocarbons to
the gas hydrate stability zone (GHSZ). The isotopic
characterization of the dissolved inorganic carbon
(DIC) pool is critical to address these obijectives,
which include establishing carbon sources and meta-
bolic paths for organic carbon decomposition, as
well as allowing for reconstruction of the history of
the development of this hydrate-bearing province
based on analyses of carbonate deposits.

Analytical methods

The isotopic composition of DIC was measured in
pore fluid subsamples that had been filtered through
disposable 0.45 pym Gelman polysulfone filters, pre-
served with HgCl,, and flame sealed in glass vials im-
mediately after collection.

Samples from Sites U1325, U1326, and U1329 were
analyzed at Oregon State University using a Gas-
Bench II automated sampler interfaced to a gas
source stable isotope mass spectrometer as described
in Torres et al. (2005). The sample headspace is
flushed automatically with helium to reduce residual
air. Acid (100 pL of 43% H3PO,) is then injected with
a gas-tight syringe and the samples are allowed to
evolve DIC as CO, gas into the headspace. After an
equilibration period of ~12 h, the headspace gases
are flushed with a helium stream, which passes
through a sample loop of selected volume (50, 100,
or 250 pL). The sample loop is charged with gas, and
a known volume of sample is then transferred to a
second helium stream that flows through a gas chro-
matography column (to separate CO, from other gas
compounds) and a porous membrane trap (to re-
move water). The dry sample stream is transferred to
a Finnigan DELTAplusXL mass spectrometer, which
integrates the relevant isotope masses (m/z = 44, 45,
and 46) as the CO, peak enters the source. The sam-
ple volumes used for these pore fluid samples (with
alkalinity values ranging from seawater values to
concentrations >100 meq/L) ranged from 30 to
50 uL. This low volume requirement allowed for
duplicate measurements in selected samples to ascer-
tain data precision. Based on multiple standard mea-
surements, the overall precision of this technique is
conservatively estimated to be better than +0.15%o0
(Torres et al., 2005). Standardization is provided by
tank CO, (referenced to an array of international
standards), and analyses are monitored against a
stock solution of reagent NaHCO;. The precision of

the 8'3C measurements based on replicate analyses
of a NaHCO; stock solution over a 7 week period is
+0.07%o.

Pore fluid samples from Sites U1327 and U1328 were
analyzed for 8"3Cp,c at Scripps Institute of Oceanog-
raphy. Samples (2-3 mL) were treated with phosphoric
acid, and after headspace equilibration, the isotopic
ratios were measured using a Thermo-Finnigan Delta
XP Plus stable isotope ratio mass spectrometer. The
average precision of the analyses, determined from
multiple determinations of National Bureau of Stan-
dards (NBS) and in-house standards, is 1.8% (~0.1%o0
of seawater).

Results

A total of 160 pore fluid samples were analyzed for
8"3Cp¢; isotopic data are listed in Table T1. These
data provide insights into two major issues involving
carbon metabolic pathways and methane invento-
ries: methanogenesis and methane oxidation. The
methane source for the majority of gas hydrates re-
covered from northern Cascadia is known to have a
biogenic origin (Whiticar et al., 1995; Claypool et al.,
2006; Pohlman et al., 2006); less known, however,
are the rates of methane generation and consump-
tion that may be addressed with these results. These
rates are key parameters in numerical models involv-
ing gas hydrate dynamics (generation, consumption,
and recharge of the reservoir). Pore fluid samples re-
covered from ~100 to 200 meters below seafloor
(mbsf) along the transect of sites drilled in the Casca-
dia margin during Expedition 311 are compared
with similar samples recovered during ODP Legs 146
and 204. The isotopic composition of DIC pool at
these sites shows a distinct and progressive enrich-
ment in the §'3C of the residual dissolved CO, from a
reference site drilled west of the accretionary toe
(Site 888, 8'3Cpc = -5%0) to Site U1329 (§'3Cpc =
+32%o) drilled closest to the shore (65 km) at the
eastern limit of gas hydrate occurrence in the margin
(Fig. F2). The organic carbon diagenesis leading to
methane accumulation began at ~100 ka when these
sediments were deposited on the incoming plate.
The progressively heavier §'*C values of the DIC re-
flect the preferential consumption of '2C by metha-
nogens acting on the residual CO,. Modeling efforts
are under way to generate estimates of the methano-
genesis rates from the progressive '3C increases of the
residual DIC. Preliminary results (Torres et al., 2007)
suggest a good agreement between these estimates
and those based on geochemical modeling (Claypool
et al., 2006) and microbial culture (Colwell et al.,
2008) studies.
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Some of this microbially produced methane is incor-
porated into gas hydrate and some is consumed by
the coupled microbial reaction of anaerobic oxida-
tion of methane (AOM) and sulfate reduction at the
sulfate-methane transition (SMT) zone. Because bio-
genic methane is strongly depleted in '3C (8"3C¢y4 =
-85%o0 to —65%o0) (Whiticar et al., 1995; Claypool et
al., 2006; Pohlman et al., 2006), the bicarbonate pro-
duced by AOM also has significantly more negative
carbon isotopes than bicarbonate generated by de-
composition of organic carbon. Samples recovered
from the flanks of Hydrate Ridge (Sites 1244, 1245,
and 1246) during Leg 204 clearly indicate that AOM
does not play a significant role in sulfate consump-
tion at these sites (Torres and Rugh, 2006), which is
consistent with geochemical models (Claypool et al.,
2006). Only at sites where active fluid seepage led to
gas hydrate breaching at the seafloor (Sites 1248,
1249, and 1250) was there evidence of AOM. Simi-
larly at Site U1328, where active methane seepage
results in massive near-surface gas hydrate accumula-
tion, there is clear indication of AOM with §'3Cpc
values as low as -57%o. At two of the four sites
drilled on the east-west transect (Sites U1326 and
U1327), there is also evidence for a significant con-
tribution of AOM to carbon cycling in the upper
20 mbsf (Fig. F3). In contrast, Site U1325 shows no
indication of AOM. There is no correspondence,
however, between the depth of the SMT, the relative
contribution of AOM versus organic matter degrada-
tion, and the thickness of the GHSZ. This observa-
tion has been also reported in samples collected
from the Indian Ocean (Kastner et al., in press) and
illustrates the complexity of issues involving meth-
ane generation, transport, and consumption by
AOM. Although methane availability is indeed a key
factor controlling the distribution and concentration
of gas hydrates, other issues, particularly the grain
size of the host sediment, seem to play a determi-
nant role in subsurface methane hydrology and
resulting gas hydrate distribution and abundance
(Torres et al., 2008).

In addition to characterizing DIC sources (organic
matter degradation versus methane oxidation) and
transport mechanisms (advection of deep fluids at
the ridge summit), 8'3Cpc in pore fluids is incorpo-
rated into authigenic carbonate phases, which con-
stitute an integrated record of carbon cycling and
fluid flow. Carbonate samples were collected during
Expedition 311. A synthesis of 8'*Cp,c and authigenic
carbonates would be used to provide a broad frame-
work to unravel the history of gas hydrate formation
and destabilization on the Cascadia margin (B. Te-
ichert, pers. comm., 2007).

Data report: clues about carbon cycling
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Figure F1. A. Map of study area showing location of areas targeted during ODP Leg 204 and IODP Expedition
311. B. Multibeam bathymetry map along the transect across the accretionary prism showing location of
drilled sites and multichannel seismic (MCS) Line 8. Cold vent Site U1328 is ~2 nmi southeast of the transect
(courtesy of D. Kelley, J. Delaney, and D. Glickson, University of Washington; C. Barnes and C. Katnick, Nep-
tune Canada, University of Victoria; funded by University of Washington and W. M. Keck Foundation). C. Ba-

thymetry of area targeted during Leg 204 showing location of the summit (Site 1249) where massive gas hy-
drate occurs near the seafloor.
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Figure F2. Downcore distributions of §'3Cp,c along transect drilled during IODP Expedition 311 showing en-
richment of isotope values of residual CO,, (A) Site U1325, (B) ODP Leg 204 Site 1245, (C) Site U1327, and
(D) Site U1329. ODP Site 1245 is included for completeness (data from Torres and Rugh, 2006). E. Progressive
enrichment in '3C with distance from the deformation front reflecting preferential consumption of '>C by
methanogens, which leads to a progressively heavier residual pool. Site locations shown in Figure F1. DIC =
dissolved inorganic carbon. PDB = Peedee belemnite.
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Figure F3. Downcore profiles of dissolved sulfate and 8'*Cp ¢ in upper 20 mbsf of sediments recovered along
the Expedition 311 transect, Sites (A) U1326, (B) U1325, (C) U1327, and (D) U1329. The lightest §'*Cp,c values
coincide with the sulfate depletion depth at the sulfate-methane transition (SMT) zone. Only at Sites U1326
and U1329 is there evidence for significant contribution of an AOM. E. Illustration of gas hydrate occurrence
zone (GHOZ) (from Malinverno et al., 2008). There is no apparent relationship between the depth of the SMT,
contribution of AOM, and thickness of gas hydrate occurrence zone. PDB = Peedee belemnite. GHSZ = gas hy-
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Table T1. Carbon isotopic composition of pore fluids, IODP Expedition 311. (See table note.)

Core, section, Depth 8"3Cpic
interval (cm) (mbsf) (%o PDB)
311-U1325B-
12X-4, 68-93 89.58 8.42
14X-2, 125-150 105.05 8.85
14X-6, 0-25 109.63 9.27
15X-2, 120-150 114.40 8.73
15X-3, 0-14 114.70 9.00
16X-2, 120-150 124.00 9.44
16X-4, 25-35 126.05 8.83
16X-6, 120-150 127.85 9.13
18X-2,126-156  133.66 8.56
20X-5, 120-150 156.54 10.05
23X-1,120-150 171.60 9.67
24X-3, 120-150 182.97 8.83
24X-5,112-145 185.39 9.26
311-U1325C-
1X-1, 120-150 190.00 9.00
2X-1, 0-43 198.40 6.33
4X-3, 0-79 210.13 6.77
6X-3, 88-112 221.27 5.59
7X-2, 0-50 228.70 7.34
7X-4, 69-79 231.89 6.01
8X-2, 62-85 238.92 5.27
8X-4, 0-50 240.65 6.06
9X-2, 100-150 249.00 6.27
11X-2,105-150  259.65 5.51
11X-5, 0-45 263.10 5.63
12X-3, 0-45 268.67 7.43
15X-3, 0-134 297.09 6.32
15X-3, 0-134 297.09 6.44
311-U1325D-
TH-1, 140-150 1.40 -17.71
TH-2, 140-150 2.90 -21.39
TH-3, 130-140 4.30 -19.61
TH-3, 140-150 4.40 -12.83
311-U1326C-
TH-1, 65-80 0.65 -23.05
TH-1, 135-150 1.35 -32.27
1H-2, 65-80 2.15 -36.93
TH-2, 135-150 2.85 -33.86
1H-3, 60-72 3.60 -28.87
2H-1, 135-150 5.25 -17.88
2H-2, 65-80 6.05 -13.67
2H-2, 135-150 6.75 -10.40
2H-3, 60-75 7.50 -7.73
2H-3, 135-150 8.25 -5.27
2H-4, 65-80 9.05 -3.42
2H-5, 135-150 11.25 0.72
2H-6, 135-150 12.75 3.07
3H-2, 135-150 16.25 6.35
3H-4, 135-150 19.25 6.73
4H-2, 130-150 25.70 6.18
6X-2, 125-150 42.75 3.16
7X-1,93-133 50.63 -0.95
7X-3, 74-101 53.27 -1.85
9X-2, 0-25 70.60 -4.00
9X-3, 66-91 72.76 -4.28
10X-2, 0-30 80.20 -2.49

Core, section, Depth 8"3Cpic
interval (cm) (mbsf) (%o PDB)
311-U1326D-
2X-2,125-150 91.15 293
2X-5, 104-144 95.44 2.18
3X-4, 61-90 103.21 3.15
3X-4,90-119 103.50 6.20
4X-3, 40-106 111.10 6.42
4X-5,126-146 114.37 5.15
5X-4,115-150 122.69 7.29
6X-4, 90-132 132.03 8.47
8X-2, 36-86 148.16 11.87
9X-1, 84-134 156.74 11.85
9X-4, 35-48 158.46 9.62
10X-2, 97-142 168.07 10.75
10X-6, 0-66 172.02 8.10
11X-1, 38-49 175.58 6.32
11X-4,100-150  179.69 8.49
12X-1, 75-125 185.55 5.62
12X-3, 100-150  188.55 5.83
12X-3, 100-150  188.55 6.47
13X-4, 60-112 198.60 4.51
14X-3, 58-73 206.85 3.05
14X-5, 0-50 208.50 5.26
15X-5, 50-100 219.86 3.57
16X-3, 0-50 226.30 1.33
16X-5, 0-52 228.90 1.20
17X-3, 0-100 235.90 3.94
18X-3, 0-90 244.61 5.12
19X-2, 0-83 253.61 5.78
20X-4, 50-150 265.54 5.22
20X-6, 0-100 268.04 2.30
311-U1327C-
TH-1, 140-150 150 -18.09
1H-3, 140150 450  -30.75
16X-2,120-150 126.70 12.31
21X-4, 81-150 175.70 27.23
27X-1,108-138  219.70 27.16
27X-4,114-144  224.00 27.38
28X-3,96-125 232.10 25.83
311-U1327D-
TH-1, 25-40 030 457
TH-1, 135-150 140 -18.29
TH-2, 25-50 1.80 -20.36
1H-2, 55-70 2.10 -23.78
TH-2, 80-95 2.40 -25.11
TH-2, 135-150 2.90 -26.37
TH-3, 40-55 3.50 -28.75
TH-3, 65-80 3.70 -29.46
TH-4, 25-40 4.80 -31.57
TH-4, 135-150 5.90 -33.47
2H-1, 135-150 8.30 -30.45
311-U13288-
TH-1, 40-50 0.50  -3.86
TH-1, 140150 150 -16.93
1H-2, 70-80 2.30 -56.75
TH-2, 140-150 3.00 -48.32
2H-1, 80-100 5.40 8.30
4P-1, 36-46 14.90 -3.02

Core, section, Depth 8"3Cpic
interval (cm) (mbsf) (%o PDB)
311-U1328D-
1X-4, 135-150 5.90 -51.14
1X-5, 135-150 7.40 -46.86
311-U1329C-
1H-1, 140-150 1.40 -10.83
TH-3, 140-150 4.40 -16.95
1H-5, 140-150 7.40 -24.36
2H-1, 140-150 9.50 -23.78
2H-3, 140-150 12.50 -16.26
2H-5, 140-150 15.50 -12.24
2H-7, 74-84 17.84 -10.51
3H-2, 135-150 20.45 -8.54
3H-4, 135-150 23.45 -5.92
3H-6, 135-150 26.45 -3.09
4H-2, 120-150 29.80 1.73
4H-5, 120-150 34.30 6.21
5H-2, 130-150 39.40 12.00
5H-5, 130-150 43.90 14.62
6H-1, 135-150 47.45 16.68
6H-5, 135-150 53.45 19.77
7P-1, 25-50 55.85 21.64
8H-2, 135-150 60.45 23.99
8H-5, 135-150 64.95 25.60
9H-2, 135-150 69.95 28.62
9H-5, 130-150 74.40 30.42
10H-2, 130-150 79.40 30.88
10H-5, 130-150 83.90 31.03
11H-2, 130-150 88.90 32.42
11H-5, 130-150 93.40 33.10
12H-2, 120-150 98.28 33.63
12H-5,130-150  102.88 33.25
13H-2,130-150 107.90 33.28
13H-5,130-150 112.40 33.24
15H-2, 130-150  119.40 33.01
15H-5,130-150  123.90 31.81
16H-2, 130-150 128.90 31.31
16H-5, 130-150  133.40 31.45
17H-2, 125-145  138.35 32.76
17H-3,130-150  139.85 31.74
19X-2, 120-150 152.60 32.47
20X-2,120-150  162.30 31.95
21X-6, 0-30 176.30 29.86
311-U1329€-
1H-1, 140-150 140 -11.34
1H-2, 140-150 290 -14.76
1H-3, 140-150 440  -17.57
2H-1, 135-150 6.35 -22.05
2H-2, 135-150 7.85 -24.26
2H-3, 135-150 9.35 -25.29
2H-4, 135-150 10.85 -20.81
2H-5, 135-150 12.35 -17.07
2H-6, 135-150 13.85 -14.60
3H-7, 63-78 2413 -4.91
7P-1, 0-38 73.50 27.89
10P-1, 18-59 125.18 29.94

Note: PDB = Peedee belemnite.
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