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Methane hydrate-bearing seeps as a source of
aged dissolved organic carbon to the oceans
John W. Pohlman1*, James E. Bauer2, William F. Waite1, Christopher L. Osburn3

and N. Ross Chapman4

Marine sediments contain about 500–10,000 Gt of methane
carbon1–3, primarily in gas hydrate. This reservoir is comparable
in size to the amount of organic carbon in land biota, terrestrial
soils, the atmosphere and sea water combined1,4, but it releases
relatively little methane to the ocean and atmosphere5.
Sedimentary microbes convert most of the dissolved methane
to carbon dioxide6,7. Here we show that a significant additional
product associated with microbial methane consumption is
methane-derived dissolved organic carbon. We use 114C and
δ13C measurements and isotopic mass-balance calculations
to evaluate the contribution of methane-derived carbon to
seawater dissolved organic carbon overlying gas hydrate-
bearing seeps in the northeastern Pacific Ocean. We show that
carbon derived from fossil methane accounts for up to 28% of
the dissolved organic carbon. This methane-derived material
is much older, and more depleted in 13C, than background
dissolved organic carbon. We suggest that fossil methane-
derived carbon may contribute significantly to the estimated
4,000–6,000 year age of dissolved organic carbon in the deep
ocean8, and provide reduced organic matter and energy to
deep-ocean microbial communities.

Seawater dissolved organic carbon (DOC) is thought to be
derived largely from marine organic matter produced in the
upper photic ocean8. However, recent studies also suggest ocean
margins9, geothermal systems10 andpetroleum seepage11 contribute
allochthonous forms of pre-aged DOC to ocean basins. To examine
the potential input of organic matter derived from fossil methane
carbon mobilized from gas hydrate-bearing cold seeps to the
seawater DOC pool, we measured the concentrations and isotopic
ratios (114Cand δ13C) of deep-seawaterDOC fromBarkleyCanyon
and Cucumber Ridge seeps, located offshore of Vancouver Island,
Canada (Supplementary Table S1 and Figs S1 and S2).

The 114C values of deep-seawater DOC range from −359
to −728h (Table 1), corresponding to 14C ages of 3,580 to
10,470 yr bp. The most 14C-enriched (that is, youngest) DOC
sample (R676-3; Table 1) is similar in concentration and isotopic
composition to deep-seawater DOC (483m depth) from the
eastern North Pacific continental margin12. In contrast, the most
14C-depleted (that is, oldest) DOC sample (R678-3; Table 1) has
concentrations more than twice that of the youngest samples
and is both the oldest and most 13C-depleted bulk seawater
DOC yet reported.

The 14C ages of deep-seawater DOC from Barkley Canyon
and Cucumber Ridge correlate positively with DOC concentration
(Fig. 1a), whereas δ13C values correlate negatively with concentra-
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tion (Fig. 1b). These findings indicate a contribution from a DOC
source that is both older and more 13C-depleted than the regional
background DOC. Potential sedimentary organic matter (SOM)
sources for the ‘excess DOC’ include marine and terrestrial partic-
ulate organic matter (POM), petroleum andmethane. Sedimentary
POM and petroleum from Barkley Canyon have similar mean δ13C
values of −24.1h (ref. 13) and −24.5h (ref. 14), respectively.
Except for the regional backgroundDOC, δ13Cvalues of all seawater
DOC samples in this study are depleted relative to petroleum and
sedimentary POM (Table 1; Fig. 1b). Methane from northern Cas-
cadiamargin seeps is 13C-depleted (δ13C range=−79.3 to−42.6h;
refs 14,15) and almost entirely fossil (114C range = −1,000 to
−978h; ref. 15), making it themost plausible carbon source for the
highly aged and 13C-depleted seawaterDOCoverlying the seeps.

In Barkley Canyon bottom waters, DOC concentrations are
two to three orders of magnitude greater than dissolved methane
(Table 1), suggesting there is insufficient methane carbon for a
water-column source of methane-derived DOC. A sedimentary
DOC source is, however, indicated by the presence of 13C-depleted
DOC within the shallow sediments of Barkley Canyon where
anaerobic oxidation of methane (AOM) is active (Fig. 2). AOM is a
globally relevant methane sink whereby sulphate-reducing bacteria
and methanogenic archaea operating ‘in reverse’ syntrophically
oxidize methane7. Consumption of sulphate and methane, in
conjunction with 13C-enrichment of residual methane, suggests
AOM is occurring in the upper 7.5 cm of sediments at Barkley
Canyon (Fig. 2a; ref. 16). DOC concentrations within the AOM
zone are correspondingly elevated and 13C-depleted (Fig. 2b),
further suggesting a coupling between AOM and DOC production.
Similar coupling has been observed at the Hydrate Ridge gas
hydrate-bearing seep, where DOC within the AOM zone was
similar in δ13C, but about three times greater in concentration
than reported here17.

The specific details of methane-derived DOC production are
not known at present, but probably involve biochemical pathways
incorporating methane-derived carbon into acetate7 and larger
biomolecules6 that are subsequently excreted by microbes or
released during biomass degradation. Aerobic methane oxidation,
which is more efficient than AOM at converting methane carbon
to cellular carbon18, may also synthesize 13C-depleted DOC in
O2-containing surface sediments, seafloor gas hydrate outcroppings
and the water column. Regardless of the exact mechanism,
methane carbon is ultimately required to produce the isotopic
signatures of DOC in the AOM zone and water column of the
northern Cascadia margin.
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Table 1 |Deep-seawater, methane data, DOC data and isotope mass-balance model results.

Two-source model Three-source model

CH4 DOC 14C-based 13C-based 14C-based* DOCMD
†

Site Dive-bottle (nM) µM δ13C
(h)

114C
(h)

14C-age‡

(yr BP)
fsed

(±0.2)
fbkgnd

(±0.2)
fsed

(±0.1)
fbkgnd

(±0.1)
fCH4

(±0.1)
fSOM

(±0.1)
fbkgnd

(±0.1)
(µM)

Barkley Canyon§ R676-3 54 49 −22.6 −359 3,580 0 1 0 1 0 0 1 0
Barkley Canyon R676-2 153 103 −29.3 −655 8,550 0.48 0.52 0.53 0.47 0.25 0.28 0.47 25± 10
Barkley Canyon R677-3 16 89 −28.4 −706 9,830 0.56 0.44 0.46 0.54 0.21 0.24 0.54 19±9
Barkley Canyon R678-1 78 82 −29.4 −690 9,420 0.54 0.46 0.54 0.46 0.25 0.29 0.46 20±8
Barkley Canyon R678-2 63 49 −25.0 −526 5,990 0.27 0.73 0.19 0.81 0.09 0.10 0.81 4±5
Barkley Canyon R678-3 68 94 −30.1 −728 10,470 0.60 0.40 0.59 0.41 0.28 0.32 0.41 26±9
Cucumber Ridge R679-4 49 80 −26.7 −503 5,620 0.23 0.77 0.32 0.68

fsed , fbkgnd , fCH4
and fSOM are the fractional contributions of the sediment, background, methane and sediment organic carbon endmembers to the deep-seawater DOC, respectively. Uncertainty ranges

beneath the f-values are calculated by propagating the uncertainties of the endmember carbon isotope values.

*Contributions from methane (fCH4
) and SOM (fSOM) were calculated only for the Barkley Canyon samples, where the isotopic composition of the methane and SOM-derived DOC endmembers are

known (see Supplementary Methods).
†Methane-derived DOC [DOCMD] = [DOC]∗fCH4

.
‡14C-age yr BP=−8,033∗ ln(1+114C/1,000) (ref. 28).
§Selected as representative of background oceanic DOC (that is, containing nominal methane-derived DOC) because of its similarity in concentration and isotopic composition to deep sea water from
the eastern North Pacific Ocean9,12 .
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Figure 1 | Radiocarbon (14C) and 13C properties of DOC plotted versus DOC concentration from deep sea water overlying northern Cascadia margin
seeps. a, DOC radiocarbon (14C) age and114C versus concentration. b, DOC δ13C versus concentration. Greater concentration samples are older (a) and
more 13C-depleted (b) than deep sea water from the eastern North Pacific Ocean (indicated by stars)9,12. c,d, The slopes (m) of the 14C (c) and 13C (d)
isotope mass-balance models for deep-seawater DOC are determined using geometric mean regression30 and represent the114C and δ13C values of the
sedimentary DOC source, respectively.

To estimate the local contribution to deep-seawater DOC
from organic matter (including methane) contained within gas
hydrate-bearing sediments, three mass-balance calculations are
employed (Fig. 3). The first mass balance constrains the isotopic
values of the sedimentary DOC component of the deep-seawater
DOC. The second mass balance quantifies the total (methane plus
non-methane) sedimentary organic matter-derived contribution to
the deep-seawater DOC. Finally, the third mass balance separates
and quantifies the methane and non-methane contributions to
deep-seawater DOC.

In the first mass balance, deep-seawater DOC overlying hydrate-
bearing sediments (Table 1) is considered a mixture of background
seawater DOC and sedimentary DOC (Fig. 3). The 114C and
δ13C values for the sediment-derivedDOC (Ised) are estimated using
a two-source endmember mixing approach19, expressed in terms of
DOC concentration in each sample:

Cdw ·Idw=Csed ·Ised+Cbkgnd ·Ibkgnd (1)

Cdw=Csed+Cbkgnd (2)

where Cdw is the total DOC concentration in each deep-seawater
sample, and Csed and Cbkgnd are the DOC concentrations in
each sample derived from seep sediments and deep-ocean
(that is, non-seep) background sea water, respectively. Idw
is the measured isotopic value of the deep-seawater DOC
sample having contributions derived from both seep sediments
and non-seep deep-ocean background sea water with isotopic
ratios of Ised and Ibkgnd, respectively. Cbkgnd, Ibkgnd and Ised
are assumed constant throughout the study area. Combining
equations (1) and (2) so the slope, m, (Fig. 1c,d) is equivalent
to Ised of the seep-sediment DOC component yields 114C
and δ13C estimates of −974 ± 180h and −35.3 ± 2.4h,
respectively. These values are consistent with a seep DOC source
consisting primarily of fossil (114C = −1,000h), 13C-depleted
methane carbon (δ13C range: −42.6 to −79.3h; refs 14,15)
and lesser amounts of non-fossil, yet highly aged, sediment
organic matter having δ13C values reflecting a photosynthetic
origin (δ13C>−30h).

For the second mass balance, the isotopic composition of the
measured deep-seawater DOC overlying the seeps is assumed
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Figure 2 | Sediment depth profiles from Barkley Canyon showing the AOM zone and associated production of DOC. a, Steep sulphate and methane
concentration gradients in conjunction with 13C-enrichment of the residual methane suggest active AOM (ref. 16). b, Within the AOM zone, elevated
concentrations of 13C-depleted DOC suggest AOM-associated production of methane-derived DOC. SOM (lower axis, b) is the mean δ13C of the sediment
organic matter,−24.0± 1.0h.

to be a mixture of background seawater DOC and sedimentary
organic matter-derived DOC as:

Idw= fsedIsed+ fbkgndIbkgnd (3)

fsed+ fbkgnd= 1 (4)

where fbkgnd and fsed are the mass fraction contributions from
the deep-ocean background DOC and sedimentary DOC sources
(Fig. 3), respectively. By using the δ13C and 114C values from the
first mass-balance calculation for Ised and assuming sample R676-3
(Table 1) represents the background concentration and isotopic
value for deep-seawater DOC, fsed varies between 23 and 60% using
the 114C endmember values, and between 19 and 59% using the
δ13C endmember values (‘two-source model’ in Table 1). The fsed
estimates based on114Cand δ13Cvalues for individual samples vary
by 11% or less (Table 1), indicating themodel yields reasonable and
robust approximations.

For the third mass balance, a three-source, δ13C-based end-
member mixing system is employed to distinguish between the
component inputs from methane (fCH4) and non-methane SOM
(fSOM) to the total sedimentary DOC contribution at the Barkley
Canyon seep (Fig. 3):

Idw= fbkgndIbkgnd+ fCH4 ICH4+ fSOMISOM (5)

fbkgnd+ fCH4+ fSOM= 1 (6)

where fbkgnd was calculated with the two-source endmember
model (equations (3) and (4) and Table 1). The δ13C values
for the methane-derived DOC (ICH4) and SOM-derived DOC
(ISOM) (Fig. 3) were determined from the seep-sediment pore-
water DOC profile data (Fig. 2), which account for the carbon
isotope fractionation during DOC production (see Supplementary
Methods). The average δ13C pore-water DOC value (ISOM) from
below the primary AOM zone, where DOC is produced by
fermentation of organic matter and acetogenic CO2 reduction20,
is −28.0 ± 1.1h. ICH4 (−43.6 ± 3.2h) is calculated using an
isotope mass-balance model where DOC concentrations within the
AOM zone exceeding the SOM-derived component are attributed
exclusively to methane carbon.

The calculated contribution of fossil methane-derived DOC to
the total deep-seawater DOC ranges from 9 to 28%, corresponding

Background DOC

Δ14C = ¬974

Δ14C = ¬950

13C = ¬28.0

δ13C = ¬35.3

Deep-seawater DOC

Methane-derived DOC SOM-derived DOC
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fSOM
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Figure 3 | Carbon contributions to deep-seawater DOC at the Barkley
Canyon seep, determined by three mass-balance calculations. The
isotopic composition (δ13C and114C) of the sediment DOC is calculated
from measured isotopes and concentrations of deep-seawater DOC (Fig. 1c
and d). Carbon-mass contributions from sediment DOC (fsed) and
background DOC (fbkgnd) to deep-seawater DOC are calculated from
sediment, background and deep-seawater DOC isotope values.
Carbon-mass contributions from sediment organic matter-derived DOC
(fSOM) and methane-derived DOC (fCH4 ) to deep-seawater DOC are
calculated using fbkgnd and δ13C values for methane-derived and
SOM-derived DOC determined from pore-water data.

to 33–51% of the total sedimentary contribution (‘three-source
model’ in Table 1). The remaining unknown in the mass-balance
system, the 114C of the SOM endmember, is estimated from
equations (5) and (6) using 114C and δ13C results from the
previous calculations (Fig. 3 and Table 1). Although the 114CSOM
estimates from each model solution are remarkably consistent,
yielding a mean of −956± 10h, this is more properly reported
as −950± 250h when all sources of error are propagated. This
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estimate is consistent with the SOM being a non-fossil, yet highly
aged (∼25 kyr bp) source of deep-seawater DOC.

To maintain the measured methane-derived DOC concentra-
tions in deep sea water overlying the seeps, the seafloor DOC
efflux must balance losses from bottom water currents flushing the
region. Assuming a bottom water current velocity of 2± 1 cm s−1
and considering the 0.5 km2 area of the Barkley Canyon seep14, the
sedimentaryDOC efflux required tomaintain the averagemethane-
derived DOC concentration of 19± 9 µM in the water column is
1.7± 1.2× 107 mol yr−1 (see Supplementary Methods). This site-
specificDOC flux estimate is∼100-fold greater thanmethane fluxes
frommud volcano seeps offshore of Costa Rica21 and comparable to
the estimated 0.8–3.5×107 mol yr−1 methane flux from theHaakon
Mosby mud volcano22, suggesting DOC is emitted in quantitatively
significant amounts from the Barkley Canyon seep.

By extrapolating the sedimentary DOC flux from Barkley
Canyon to the estimated 103–105 submarine mud volcano seeps
worldwide23, we calculate a potential methane-derived DOC flux
of 1.7 × 1010–1.7 × 1012 mol yr−1 (∼0.2–20.3 TgC yr−1) to the
global deep ocean. The upper estimate is slightly lower than the
∼30–50 TgC yr−1 estimated for the global seafloor methane flux24.
ThisDOC flux estimatemay be highly conservative because the total
number of seeps along continental margins probably vastly exceeds
the estimated number of mud volcano-type seeps. For example,
the northern Gulf of Mexico alone contains ∼5,000 seeps at water
depths greater than 200m (ref. 25).

The role of methane-derived DOC in the ocean carbon cycle
depends on the total flux and reactivity of DOC exported from
seep sediments. If fossil methane-derived DOC is refractory, it
will contribute to the apparent 4,000 to 6,000 year mean age of
oceanic DOC, whereas labile methane-derived DOCwould provide
carbon and energy for seep and deep-ocean ecosystems17 and
CO2 for ocean acidification. Although our estimate of present-day
methane-derived DOC flux from ocean seeps is small relative to
other oceanic allochthonous carbon inputs4, this may not always
have been the case. For example, methane released from gas hydrate
during the Palaeocene–Eocene Thermal Maximum (55.8Myr bp)
has been implicated in ocean acidification that dissolved∼2,000Gt
of sedimentary carbonate26. Although water-column methane
oxidation is thought to have been the dominant source of CO2
for Palaeocene–Eocene Thermal Maximum acidification, results
from this study suggest a potentially significant fraction of the
methane carbon could have been released as DOC to the water
column, where it would have been subsequently oxidized to
CO2. Evidence for a combined flux of methane and methane-
derived DOC into the ocean suggests methane concentrations
alone, without the inclusion of DOC, are insufficient to predict
the influence of seeps on deep-ocean waters. Future studies
investigating the production, flux and reactivity of methane-
derived DOC from seeps will further enhance our understanding
of how biogeochemical cycles in marine sediments and the
deep ocean are coupled.

Methods
Seawater samples for DOC and methane analyses were collected from ∼2m
above the sea floor using 5-l Niskin bottles mounted to the remotely operated
vehicle (ROV) ROPOS in August 2002 (see Supplementary Table S1). Water
samples were collected from seafloor habitats unaffected by ROV activity (see
Supplementary Fig. S1). For methane concentrations, 40ml volumes of bubble-free
sea water were collected and analysed by the headspace equilibration technique
with gas-chromatography flame ionization detection27. For DOC analyses, 1-l
volumes were collected in pre-baked (525 ◦C for 4 h) glass bottles, sealed with
acid-cleaned Teflon-lined caps and frozen at −20 ◦C. DOC concentrations
were determined by high-temperature catalytic oxidation12. For 114C and δ13C
measurements, the DOC in 125–250ml of sea water was oxidized using high-energy
ultraviolet irradiation and the CO2 evolved was cryogenically purified as previously
described12. For 114C analysis, the CO2 was reduced to graphite and analysed by
accelerator mass spectrometry (AMS) at the University of Arizona and the National

Ocean Sciences AMS facilities. The δ13C of the CO2 was analysed by isotope ratio
mass spectrometry (IRMS). Sample 114C and δ13C values are reported relative to
the oxalic acid-II and PeeDee Belemnite standards, respectively28.

A push core for analysis of dissolved methane, sulphate and DOC in sediment
pore waters from Barkley Canyon was collected by ROPOS in June 2004. Samples
for methane concentration and δ13C analysis were collected at 3 cm intervals as
3 cm3 sediment plugs and stored in 20ml serum vials sealed with 1-cm-thick
butyl rubber septa. Pore waters from the remaining 3 cm core sections were
extracted by pressure-squeezing (∼3 bar) and filter-sterilized with 0.2 µm acrodisc
polyethersulphone syringe filters (Pall Corporation). Methane concentrations were
determined by the headspace equilibration technique and gas-chromatography
flame ionization detection, methane δ13C was analysed by gas-chromatography
IRMS, and sulphate concentrations were analysed by ion chromatography27.
Concentrations and δ13C values of pore-water DOC samples were measured by
high-amplification wet-chemical-oxidation IRMS (refs 20,29).
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