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Naturally occurring gas hydrates may contribute to a positive feedback
for global warming because they sequester large amounts of the potent

greenhouse gas methane inice-like deposits that could be destabilized by
increasing ocean/atmospheric temperatures. Most hydrates occur within
marine sediments; gas liberated during the decomposition of seafloor
hydrates or originating with other methane pools can feed methane
emissions at cold seeps. Regardless of the origin of seep methane, all
previous measurements of methane emitted from seeps have shown it

to have aunique fossil radiocarbon signature, contrasting with other
sources of marine methane. Here we present the concentration and natural
radiocarbon content of methane dissolved in the water column from the
seafloor to the sea surface at seep fields along the US Atlantic and Pacific
margins. For shallower water columns, where the seafloor is not within the
hydrate stability zone, we do document seep CH, in some surface-water
samples. However, measurements in deeper water columns along the US
Atlantic margin reveal no evidence of seep CH, reaching surface waters
when the water-column depthis greater than 430 + 90 m. Gas hydrates
exist only at water depths greater than~550 min this region, suggesting
that the source of methane escaping to the atmosphere is not from hydrate

decomposition.

The rapid increase of atmospheric methane (CH,) concentration
observed over the past century is the product of both anthropogenic
and natural emissions, as well as feedbacks associated with a warming
climate'™*. One potential feedback involves the thermal decomposi-
tion of gas hydrates, which represent a widespread and temperature
sensitive methane reservoir of 1,800 GtC (x10" g) in CH, (ref. ). Gas
hydrate is found mostly in continental margin marine sediments in
waters deeper than several hundred metres®®. Contemporary ocean
warming has the potential to trigger significant oceanic CH, release,
especially along upper continental slopes on marine margins where

gas hydrates are barely within the pressure-temperature conditions
for stability®”.

Beneath the seafloor, decomposing hydrates may supply some
of the CH, emitted by seeps. Methane is released from seafloor seeps
as visible, vapour phase bubbles and in the dissolved phase. The CH,
contained in bubbles usually dissolves in the surrounding waters as
the bubbles ascend (for example, refs. ). Once dissolved, the con-
centration of CH, can be reduced through mixing with waters having
lower CH, concentrations, transformation to CO, viaaerobic microbial
oxidation and/or release to the atmosphere via diffusionin near-surface
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waters (for example, refs. >**). The efficiency of these processes
depends on bubble characteristics (size or presence of surface coat-
ing such as oil or hydrate), the depth at which bubbles are released
and environmental factors (for example, CH, concentrations in and
temperatures of ambient ocean waters). Thus, water-columndepthis
an important parameter in controlling whether CH, emitted at seeps
reaches the atmosphere or even near-surface waters. While models
and measurements have investigated the influence of seep depth on
the dissolution of bubbles during ascent (for example, refs. 5), in this
Article, we directly fingerprint the source of CH, in surface waters at
different total water-column depths. This enables the empirical deter-
mination of whether CH, originating at seeps, potentially sourced from
hydrate decomposition, is escaping to the atmosphere in mid-latitude
ocean basins.

In this study, we measured the concentration and natural radio-
carbon content of CH, ([CH,] and *C-CH,, respectively) dissolved
in the water column within and near known seep fields along the US
Atlantic margin (USAM) and US Pacific margin (USPM)"™", All previ-
ously published measurements of *C-CH, collected from natural
seepsand dissociating hydrates have been fossil, which means devoid
of measurableC (for example, refs.?°*) (Table 1) and corresponding
to an age older than approximately 60,000 years. However, there is
no theoretical reason that more modern CH, could not be emitted in
an as yet unmeasured seep. These fossil radiocarbon values for seep
and hydrate CH, contrast with the modern values associated with
CH, generated in the shallow water column by planktonic processes
or produced in near-seafloor sediments via microbial breakdown of
younger organic carbon??*?*?_In some settings, CH, in sediments
adjacent to seafloor seeps can even have modern **C values while the
nearby seeps release fossil CH, (Table 1)”".

The measurements reported here are consistent with seep CH,
being a fossil radiocarbon endmember and CH, in the shallow water
columnhaving measurable (modern) radiocarbon. This enables us to
apply a**C-CH, mixing model that exploits the fossil *C signal of seep
CH, to constrain the fraction of dissolved (water column) CH, that is
sourced from seeps'. The samples collected here for natural radiocar-
bon analysis spanned total water-column depths that in some cases
bracketed the shallow pressure-temperature limit for CH, hydrate
stability. This provides us with an additional opportunity to examine
the fate of fossil seep CH, that may have originated with dissociating
gas hydrates.

Upper continental slope sites

Onthe USAM between 35.53° and 37.54° N, we collected water-column
samples at upper continental slope locations with water depths of
300-600 m, which brackets the nominal upper boundary for stabil-
ity of pure CH, gas hydrate (-550 m) on this margin® (Fig. 1). Samples
were collected at several discrete depths from near the seafloor to
near the seasurface at four stations with and without seafloor seepage
between Cape Hatteras and just north of Washington Canyon. At three
of these stations (T3S3, T6S1and T7S1), the deepest sample collected
was ~100 m shallower than the nominal landward limit of gas hydrate
stability at -550 m. The station north of Washington Canyon (T1S2) was
insignificantly shallower waters (288 m) butinan area of pervasive CH,
seepage™?®, Atstations T1S2, T3S3 and T7S1, values of *C-CH, dissolved
inbottom waters (288-400 m) varied from 0.1to0 6.9 percent modern
carbon (pMC) (Fig.2), indicating that these seep fields emit fossil CH,.
At station T6S1, the deepest sample measured had a*C-CH, value of
55 pMC (Fig.2), but this sample was collected ~100 m above the seafloor
where seep and background CH, may be mixed (Figs.1and 2). At the
station designated as ‘background’ (T7S1) due to no visible bubble
emissions in our acoustic surveys, or in previous surveys (Extended
Data Fig.1and ref.™), the deepest sample, which was acquired 100 m
above the seafloor, had an unexpectedly low *C-CH, value: 2.5 pMC.
This sample was collected adjacent to Norfolk Canyon, one of the major

Table 1| A™C-CH, values in seep gas, gas hydrate,

sediments and deep water immediately above the seep

Location CH, form “C-CH, Note Reference
(pMC)
Santa Barbara Seep gas 0.04+0.06 n=8 2
Guaymas Basin Seep gas 0.2+01 n=11 2
Guaymas Basin Seep gas 0.24 n=3, 2
excavation
vent
Bullseye Vent, Seep gas 1.68-2.24 n=3 s
Cascadia margin
Barkley Canyon,  Seep gas 0.85-1.17 n=2 =
Cascadia margin
Concepcion Seep gas <012-014  n=3 %
Seep, Chilean
margin
Cascadia Seep gas 4.38+1.14 n=3 =
Margin/Bullseye
Vent
Black Sea Seep gas 5.0+£0.4 4
Hydrate Ridge, Gas hydrate 0.24 n=3 »
Cascadia margin
Guaymas Basin,  Gas hydrate 0.29 Gas hydrate  #
Gulf of California +sediment
gas
Bullseye Vent, Gas hydrate <0.12-1.48 n=3 =
Cascadia margin
Barkley Canyon,  Gas hydrate <0.12-117 n=5 23
Cascadia margin
Concepcidn Gas hydrate <012 n=1 s
Seep, Chilean
margin
Green Canyon, Gas hydrate <012 n=3 23
Gulf of Mexico
Blake Ridge, Gas hydrate <0412 n=2 =
Blake Ridge
Haakon Mosby Gas hydrate <012 n=1 23
Mud Volcano,
Norwegian Sea
Bush Hill, Gulf of ~ Gas hydrate 211+£0.32 n=3 20
Mexico
Cariaco Basin SedimentCH, 86.4 at45cm A
depth
Santa Barbara SedimentCH, 67-86.4 at45-50cm  *#
depth
Skan Bay SedimentCH, >88 surface to 2
73cm depth
USAM-Hudson SedimentCH, 73 2,505 years  “©
Canyon* before
presentin
“Cage
USAM- SedimentCH, 12.7-276 16,520- £
Chincoteague* 10,350
years before
present in
“Cage,
deep-water
seep field
~1,100m
USAM Deep water 01 Rightabove  This study
the seep at
288 m depth
(T1S2)

*“C-CH, values were converted from “C ages.
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Fig.1|Summary of surface-water *C-CH, results. a,b, Results with units of
pMC collected from near-surface waters in the Pacific Northwest (a) and the
Mid-Atlantic Bight (b), in areas A and B, respectively, highlighted by the red boxes
onthe inset map. Salish Sea connects waters from the Pacific Ocean and Puget
Sound, located between Washington, USA, and Vancouver Island, Canada, in a.
Known seep locations are shown as white circles™'*'3*'-3347 Yellow curves indicate

the approximate landward limit of gas hydrate as determined from near-bottom
temperature measurements for the Pacific Northwest and corresponding to the
550 misobath on the Mid-Atlantic margin*®. Note that Phrampus* reported the
hydrate stability depth as 480 min Cascadia margin, Pacific Ocean. Station labels
are colour coded to match those in Figs. 2 and 3.

shelf-break canyons in the mid-Atlantic Bight, and was probably influ-
enced by undocumented fossil CH, seep emissions in the area or by
ephemeral seeps not emitting methane at the time of our sampling.
In the intermediate part of the water column, which we define as
depths between the deepest sample and surface waters, all samples had
#C-CH,values more elevated (higher pMC) than the bottom waters but
considerably lower than contemporary values. In general, the pMC for
4C-CH, fromintermediate depthsincreased with shallower depthsin
the water column (Fig. 2). This patternis expected since most fossil CH,
originating with seep emissions dissolves close to the seafloor and is
only rarely carried by bubbles to high altitudes above the seafloor®.
In contrast to the respectively strong (<10 pMC) and weaker (-20-
100 pMC) fossil CH, signaturesin near-bottom and intermediate-depth
waters, USAM surface-water *C-CH, values were almost entirely
modern and within the range previously reported in aquatic environ-
ments**?*?°, These modern *C-CH, values reflect equilibration of
surface waters with the contemporary atmosphere and water-column
aerobic methanogenesis from modern carbon sources™”. The lack
of fossil radiocarbon in surface waters indicates that fossil CH, from
seeps is not being transported to these surface waters or emitted to
the atmosphere at these locations. Leonte et al."” estimated that CH,
oxidation in Hudson Canyon, at the northern end of the mid-Atlantic
Bight and ~ 300 km north of our sampling area, could be as fast as
62.7 +37 nM d?, with more than half of seep CH, released into the
overlying water column being oxidized within that specific seep field.
At sites investigated here, microbial oxidation probably contributes

substantially to the removal of fossil CH, injected into the water column
across the sediment-water interface. However, transport by ocean
currents (for example, ref. *°) and subsequent dilution could also play
a significant role in the apparent removal of fossil CH,. To investi-
gate this possibility, we applied atwo-endmember mixing model. The
results demonstrated that much of the vertical variation in the radio-
carbonand concentration values could be described as mixing between
seep-derived and background CH, (Extended Data Fig. 2). This model
suggests that, in addition to the oxidation sink, water mixing plays
asignificant rolein decreasing the concentration of dissolved CH,.

Shallow continental-shelf sites
Along the USPM, we sampled the water column at continental-shelfand
uppermost slope sites (maximum water depth 226 m) to constrain the
water depth for which fossil CH, emitted at the seafloor first becomes
observablein surface waters. Like in previous studies (for example, refs.
1-33), we detected many water-column bubble flares reaching at least
10-20 mabove the seafloor during our cruise’s hydroacoustic surveys
(Extended DataFig. 3). Although these continental-shelf seeps are too
shallow to tap dissociating gas hydrate (nominal top of hydrate stability
~480 m (ref.>*)), they could be fed by several sources of CH,, including
CH, generated in situ in shallow sediments, CH, migrating from deep
hydrocarbonreservoirs and CH, transported to the shelf by rivers and
submarine groundwater discharge.

Bottom-water *C-CH, measurements at five locations along
the USPM ranged from 16 to 170 pMC, with only two values being
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Fig. 2| Vertical profiles of A"C-CH,. a,b, The profiles in the USPM (a) and

USAM (b). Interestingly, the vertical profile of *C-CH, at station T3S3 in USAM
displayed alower value at 120 m depth (43 pMC) thanat 200 m depth (73 pMC).
Acoustic measurements at this station revealed that there was a scattering

layer of bubbles or particles at this mid-depth, probably capping the submarine
canyon (Extended Data Fig. 1). Because the value at 200 m seemed in line with the
general trendline of increasing *C-CH, values with decreasing depth (Extended
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DataFig. 2), the low value of *C-CH, at 120 m is probably an intrusion of older
CH, carbon associated with this acoustic anomaly. Some *C-CH, values were
extremely high, displaying values four to five times those of the contemporary
atmosphere and about two times the highest value reported earlier?’. These high
values (>140 pMC) were probably associated with nuclear activities and were
discussed fully inaseparate article®.
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Fig. 3| Vertical profiles of dissolved CH, concentration. a,b, The CH, concentration values in the USPM (a) and USAM (b). Distribution of surface CH, concentrations
isavailable in Extended Data Fig. 4. Vertical distributions of the ancillary data are shown in Extended Data Fig. 7.

contemporary (100 pMC) or even higher. At the deepest (226 m) site
(Stn 4), the bottom water had a *C-CH, value of 16 pMC, which was
the lowest value measured on this margin. This *C-CH, sample was
collected ~26 m above the seafloor, implying that the near-bottom
water at this location probably had a fossil (-0 pMC) signature due to
the numerous nearby seafloor seeps (Extended Data Fig. 3). At Stn 1,

awell-known shallow-water (-50 m) CH, seep site (for example, ref. ¢
and references therein'”"), bottom-water *C-CH, was 70 pMC, prob-
ablyreflecting amixture of seep (fossil) CH, and modern sediment and
water-column CH, (Supplementary Text).

Values of *C-CH, dissolved in surface waters of the USPM varied
from 68 to 241 pMC, with 75% and 40% of the samples at or below the
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modern contemporary values of atmospheric CH, (-135 pMC) and
organic matter (100 pMC), a precursor for CH,, respectively (Sup-
plementary Table1). The low *C-CH, (<100 pMC) surface values were
observed only at the shallowest sites on the shelf (<110 mwater-column
depth at Stn BKG, Ul and U8) and the inner water bodies of the Salish
Sea (<165 m water-column depth at U10 and U12) (Fig. 1). Geochemi-
cal and isotopic signatures can sometimes provide clues about these
CH, sources. For example, station U10 along the USPM displayed high
concentrations of CH, and nitrate and low dissolved oxygen concen-
trations at the surface, probably reflecting the inputs of groundwater
or upwelling of bottom water influenced by seepage (Extended Data
Fig. 4). However, considering the acoustic detection of numerous
seepsalongthe cruise track (Extended Data Fig. 3) and that these seeps
emit fossil CH, (Table 1) in contrast to the modern values of *C-CH,,
recorded at the Columbia River mouth (-100 pMCat U6) and in typical
sediments****, the lower pMC values of *C-CH, observed in some
surface waters investigated in this region (Stn BKG, U1, U8 and U12)
were probably affected by fossil CH, emitted from seafloor seeps. Thus,
fossil CH, emitted from seafloor seeps at water depths up to200 mon
the USPM continental shelfis probably reaching the sea-air interface
atsome locations.

Fossil methane detectionin surface waters

While some surface waters sampled from the USPM continental shelf
showed signals from benthic (fossil) CH, inputs, all USAM surface
samples and most of those from the USPM had values of *C-CH, that
were equal toor greater than100 pMC. Even at relatively shallow sites
with water depths ranging from100 to 300 m (all USPM sites and one
USAMssite), CH, dissolved insurface waters was predominately modern.
Entirely modern CH,in ocean surface waters above the seafloor within
100 mofthe upper stability boundary for hydrates on the USAMimplies
that seeps fuelled by hydrate decomposition do not influence oceanic
CH, emissions to the atmosphere in such settings. Conversely, the
detection of alarger fossil CH, signature in surface waters at some USPM
continental-shelflocations with total water-columndepth greater than
100 m implies that a fraction of the CH, emitted from shallow-water
seafloor seeps may reach the sea-air interface, although we emphasize
that such water depths are too shallow for gas hydrates to be present
inthe sediments.

We correlated the fraction of dissolved CH, that is sourced from
seeps versus altitude above the seafloor to determine the water depths
at which fossil CH, is detectable in ocean surface waters (Fig. 4). This
analysis incorporates only results from the USAM, where samples
wereacquired atintermediate and near-bottom water-column depths
not influenced by atmospheric mixing. In this analysis, ‘seep frac-
tion’ is defined as one minus the ratio of measured to contemporary
C-CH,.Contemporary CH, is defined as ranging from modern carbon
(100 pMC) to atmospheric CH, (135 pMC). The analysis reveals alinear
relationship between the fraction of fossil CH, and altitude (height
above the sea bottom), indicating that fossil CH, is not detectable in
surface waters with atotal water-column depth of 430 + 90 m (Fig. 4),
which is shallower than the nominal upper stability boundary for gas
hydrates on the USAM (-550 m (ref. *)). This depth distribution of fos-
sil CH, is in agreement with previous models of CH, dissolution from
bubbles emitted at seafloor seeps (for example, refs. 5373%) While
this linear correlation suggests that fossil CH, should be detectable
in surface waters with water-column depths shallower than ~350 m,
none of the USAM (continental slope) or USPM (continental shelf)
surface-water samples has *C-CH, values below 100 pMC until the
water-column depthis164 mor less (Fig. 5).

In summary, our *C-CH, measurements indicate that CH, in
bottom waters along the upper continental slope of the USAM and
continental shelf and uppermost continental slope of the USPM con-
tain fossil CH, derived from seafloor seeps. Within the water column,
the fossil radiocarbon values and [CH,] are diminished relative to
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Fig.4 | The distribution of the fraction of seep CH, dissolved in waters

as afunction of altitude above the seafloor. The fraction of seep CH, was
determined using *C-CH, values from the USAM data as described in the text.
Red rectangles and line assume that a**C-CH, value of 135 pMC contains no
seep CH,. Cyan dots and line assume that a'*C—-CH, value of 100 pMC contains
no seep CH,. Two values that were influenced by nuclear power effluents (570
and 325 pMC) were omitted from this analysis*. Based on these two possible
endmembers and including the uncertainty in the linear least squares region
of the data, the altitude above the seafloor where no fossil (seep) CH, remains
is 430 + 90 m. Since the upper stability boundary for gas hydrates is ~-550 m
depth on this margin, this provides empirical evidence that seep CH, released
from decomposing hydrates is unlikely to be emitted to the atmosphere in these
regions. All analytical errors are smaller than the data points in the figure.
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Fig. 5| Plot of *C-CH, dissolved in surface waters versus total water-column
depth where the samples were collected. This figure displays that no
surface-water samples display fossil CH,, or any CH, with a**C-CH, value below
the contemporary atmosphere or modern carbon, until the total water-column
depthisless than or equal to 164 m.

benthic waters, showing increasing pMC *C-CH, values and decreas-
ing concentrations due to rapid oxidation and mixing. Some surface
waters at USPM continental-shelf sites (water depth <200 m) have
relatively low pMC *C-CH,, suggesting that seafloor CH, emissions
are contributing a minor fraction of fossil CH, to the ocean surface
and the atmosphere. However, these water depths are too shallow for
gas hydrate decomposition to be contributing to fossil CH,, and our
analysis cannot distinguish whether fossil CH, in the surface waters at
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these sites originates from seeps or submarine groundwater discharge.
Mostimportant, since no fossil seep CH, is detectablein USAM surface
waters where the water depth is 430 + 90 m, which is shallower than
the upper stability boundary for gas hydrates in this region, any fossil
CH, detected in surface watersis unlikely to be sourced in the thermal
decomposition of gas hydrates.

While we cannot trace the fossil CH, we observed at the seafloor
to aspecific seep where hydrate dissociation is occurring, our results
imply that CH, released at the depths where this process occurs in
mid-latitudes does not reach the atmosphere. These empirical results
are supported by previous modelling investigations (for example,
refs. 81%73%) ‘which also found that CH, from deep seeps and hydrate
dissociation in mid-latitude oceans is unlikely to reach the sea sur-
face. In some Arctic Ocean waters, the upper stability boundary for
gas hydrates occurs shallower than the 430 + 90 m threshold depth
reported here*®; thus, more extensive study would be needed to test
whether the conclusions we have drawn for mid-latitudes also apply
to high-latitude regions®.

Recently, the Intergovernmental Panel on Climate Change?
reported anupdated global CH, budgetincluding both top-down and
bottom-up estimates of CH, sources. In that report, the bottom-up
estimates of hydrate-derived CH, emissions to the atmosphere are
4-10 Tgy™ (ref.*’) out of the total geological emissions of -52 Tgyr™*
CH, (refs. >**), with potential to increase with further warming*>. An
analysis of the panel's first five reports indicated that the presumed
atmospheric fluxes for hydrate-derived CH, were based mostly on
faulty assumptions®, and our findings here indicate that hydrates are
negligible sources of atmospheric methane in mid-latitudes. Our find-
ings of absent or low fossil CH, in shallow ocean surface waters on
the upper continental slope of the USAM and continental shelf of the
USPM strongly suggest that the oceanic emission of hydrate CH, to the
atmosphereis non-existent at temperate latitudes, thereby providing
empirical evidence to support previous conclusions (for example, refs.
S871L1316,24.3738.40-44) 'Furthermore, at continental slope sites, the disap-
pearance of awater-column fossil CH, signature within a few hundred
metres above the seafloorimplies that, even if gas hydrate dissociation
accelerates with future warming, this source of seep CH, is unlikely to
be transported to surface waters or emitted to the atmosphere.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41561-022-01044-8.
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Methods

Samples were collected along the USAM and USPM from 25 August
to 6 September 2017 and 27 May to 8 June 2019, respectively (Fig. 1).
Sample collectionsites onboth ocean margins were chosen on the basis
of previously determined seep locations and hydroacoustic imaging
of water-column flares during the expeditions (Extended Data Figs. 1
and 3)119317333647485051 Many samples collected along the USAM were
at sites with a total water-column depth greater than 300 m, includ-
ing some greater than the nominal upper stability boundary for gas
hydrates (550 m). By contrast, USPM samples were collected at sites
shallower than 250 m, uniformly shallower than the upper stability
boundary for gas hydrates®. Together, these sites represent seafloor
seep CH, emissions that start near the shallow stability boundary for
gas hydrates, enabling us to constrain the depth for which overlying
surface waters are influenced by fossil CH,.

The natural radiocarbon content of CH, dissolved in the waters
of the USAM and USPM varied from ~0 to 750 pMC (Figs.1and 2 and
Supplementary Tables 1and 2), corresponding to CH, sourced from
fossil carbon to contemporary carbon to anthropogenically influenced
carbon with values above modern. Some of our *C-CH, results were
extremely high, displaying values up to four to five times those in the
contemporary atmosphere (135 pMC) and more than two times previ-
ously reported values dissolved in ocean water (350 pMC in waters off
SantaMonica®). These values are probably affected by regional sources
associated with nuclear power generation®,

Site description

Along both continental margins, numerous natural seafloor seeps
are documented across a range of water depths (50 to >1,000 m)
(refs.’>1'%), Along the USAM, many CH, seeps were found on the conti-
nentalslope, some with depths greater than1,000 m (refs. **%°°7%) The
source of CH, inthese deeper depths is thought to be associated with
geological features, such as gas pockets and diapirs*®. Shallower seeps
were also observed. Skarke et al.”® found >500 seafloor seeps in depth
ranges of 50-1,700 m between Cape Hatteras and Georges Bank, and
these areare possibly sourced from gas pockets and hydrate dissocia-
tion (for water depths greater than 550 m). In addition, some seafloor
bubble streams were very strong, with flares rising several hundred
metres above the seafloor. The presence of authigenic carbonate rocks
near the seep sites and analysis of their isotopic signatures suggest that
these seeps have been active for thousands of years's*2,

Along the USPM, numerous CH, seeps have alsobeen documented
along the Washington and Oregon coasts, where they occur atadepth
range from the deformation front at 3,000 m to the continental shelf
<100 m'*"* Johnson etal.'* compiled previously published seep loca-
tions, as well as those discovered by commercial fishing boats, report-
ingthe density of seafloor seeps as a function of site depth. The majority
of the seeps (by numbers) reported by ref. ' along the Oregon and
Washington Cascade margin occurred at depths shallower than 250 m,
tooshallow to be associated with the dissociation of hydrates. However,
when normalized with surface seafloor area, the highest density of
seeps occurred between ~400 and 500 m depth, at or near the upper
limit of gas hydrate stability, nominally 480 m in this region’*. We
re-emphasize that our sample collections along the USPM were made
atdepthsshallower than250 m, and thus the CH, we collected in these
waters was not likely associated with hydrate dissociation unless trans-
port from deeper-water locations occurred during these collections.

Sample collection

We collected 39 samples during this study. Along the USAM, 17 samples
were collected at different water depths from 4 sites mostly within or
near the submarine canyon systems. Stations T6S1and T7S1 were in
and near Norfolk Canyon, T3S2 was in Keller Canyon offshore of Cape
Hatteras and T1S2 was north of Washington Canyon. Three of these
sites were chosen due to the known presence of gas seepage (T1S2,

T3S3 and T6S1); the other site (T7S1) was chosen due to the absence
of acoustically detected gas seeps. The total water-column depth of
three sites (T3S3, T6S1and T7S1) ranged from 446 to 557 m, similar to
the upper stability boundary for gas hydrates (-550 m); the deepest
radiocarbon samples collected at these sites were 400 mbelow the sea
surface. T1S2 was significantly shallower than the other USAM sites,
with a total water-column depth of 288 m, but in an area of pervasive
CH, seepage™*, All samples were collected on the RV Hugh R. Sharp
from 25 August to 6 September 2017. Along the USPM, 22 samples were
collected, 10 from 4 vertical water-column profile sites and 12 from
surface-only sites located offshore of northern Oregon and Washing-
ton, USA.Inaddition, three samples were collected from the Salish Sea
and the Strait of Juan De Fuca. The USPM samples were collected on
board the RV Rachel Carlson during 27 May-8 June 2019. Because the
RV Rachel Carlsonis not equipped with adynamic positioning system
that could minimize vessel drift during our 3-4 h sampling periods,
some bottom-water samples were collected at a depth tens of metres
fromthe seafloor (for example, 26 m from the seafloor in Stn4).

Radiocarbonisotope analysis for CH, is composed mainly of three
steps: field sample collection at sea, purification and isolation in a
land-based laboratory, and measurement via mass spectrometry. The
procedures, materials and validation experiments for the field sample
collectionand laboratory purification procedures are fully described
inrefs. 2253,

In brief, gases dissolved in seawater are extracted on board the
ship using suction hoses, a water pump, nylon and membrane filters,
avacuum pump, agas-collection plastic bag, acompression pump and
high-pressure gas cylinders (Extended Data Fig. 5). In this study, we
used 7.62 cm (3 inches) diameter suction hose, which was sectioned
into 10 mlengths and fitted with hose couplings so that sections could
be combined relatively quickly. The combined hose was attached
to the winch cable and slowly lowered to the targeted depth. On the
ship, the end of the hose was connected to a high-performance water
pump that can discharge up to 200-300 I min™". After the discharge
pump, the water flows through three filters with different pore sizes
(100, 50 and 10 um, consecutively) to remove particles that can clog
the gas-permeable membranes. The filtered waters are then flowed
through high-performance gas-permeable membranes where a vac-
uum pump is simultaneously applied to the outside of the membranes
to continuously extract the dissolved gases. The degassed waters were
continuously discharged back to the ocean through a flow meter to
monitor the volume of water processed. The extracted gases were
thenintroduced to a gas-water separator, water condenser, and fresh
silicagel trap toremove water droplets and vapour. The dry extracted
gas was temporarily stored in a gas-collection plastic bag (-400 1)
that was cleaned immediately before sample collection by flushing
with both zero-air and sample gas. The extracted gases stored in the
plastic bag were then compressed and finally stored ina small cylinder
(-1.61), which housed roughly 220 | of extracted dissolved gases per
sample. The small cylinders with extracted gases were transported to
the land-based laboratory to further purify the gases, isolate the CH,
and prepare it for isotopic analysis via accelerator and isotope ratio
mass spectrometry. To minimize analytical error, sufficient CH, C
(>200 pg C) was collected for a conventional-sized accelerator mass
spectrometry analysis. Thus, at some surface-water sites with back-
ground CH, concentrations (-2 nM), we had to process over 35,000 |
of seawater, taking over 3 h. Blank samples were collected at sea by
filling the gas-collection plastic bag with ultra-high-purity zero-air and
compressing that air into the small cylinder.

Because the extracted gases include other forms of carbon such as
CO,, COand non-CH, hydrocarbons, the extracted CH, must be purified
in the land-based laboratory®. All procedures are carried out under
sub-ambient pressures, ensuring noambient carbonisintroduced into
the system (Extended Data Fig. 5). The extracted gases in the cylinder
are passed through amolecular sieve columnto remove the majority of

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-022-01044-8

CO,. After the molecular sieve, the gases flow through liquid nitrogen
(LN) traps, and the combination of both molecular sieve and the LN
traps quantitatively removes CO, from the sample. After CO, removal,
thegasesareintroduced toacombustion oven set at atemperature of
450 °C to convert CO and non-CH, hydrocarbons to CO,, which can
be removed by another LN trap located after the oven. At this point,
all non-CH, carbon species are removed. The remaining CH, is then
introduced to another oven set to 900 °C to covert CH, to CO, and
H,0. The H,0 produced from CH, combustion was isolated in a glass
trap immersed in an ethanol and dry ice mixture, after which the CO,
produced from CH, combustion wasisolated in aglass trapimmersed
inLN. The CH, recovery was quantified by measuring the pressure and
temperature of the combusted gas in a metal tube of known volume.
The CO, collected from CH, combustion was transferred to a cleaned
Pyrex tube and flame sealed for storage.

Two gas standards were used to monitor and assess the perfor-
mance of vacuum line purification/combustion procedures. The con-
centrations of CO,, CO and CH, in these gas standards were chosen to
bound the typical concentrations observed in our samples (Extended
DataFig. 6).Standards wererun after every 3-4 sample measurements.
The processed standards were also collected and measured for radio-
carbon. The total carbon background was also monitored daily by
running zero-air for 1.5-2.0 h under the same procedures as samples.
The total carbon background was always <0.004 pgC I during the
entire sample purification periods (Extended Data Fig. 6). Finally, all
the gassamples, including standards, were stored in flame-sealed Pyrex
tubesand senttothe Keck Carbon Cycle AMS Laboratory at University
of California, Irvine, where they were measured for radiocarbon and
the stable carbon isotopes used for radiocarbon value corrections
via accelerator mass spectrometry and isotope ratio mass spectrom-
etry, respectively. All *C values are reported in the pMC notation,
which is corrected for isotopic fractionation using values of §°°C as
prescribed inref. .

Discrete bottle samples for CH, concentrations were also collected
at the same sites and depths as the *C-CH, samples and analysed
following procedures presented in refs. »'>%, Immediately after the
sample collections, a 10 ml headspace of ultra-high-purity nitrogen
was injected into each sample vial by displacing an equal volume of
sample water. The water in each vial was sterilized by adding 100 pl of
saturated HgCl, solution. Samples were stored inanincubator settoa
temperature of 4 °C for at least 12 h to allow dissolved gases to equili-
brate with the headspace. The concentration of CH, in the headspace
was determined using an Agilent 6850 gas chromatograph with aflame
ionization detector (GC-FID).

Data availability

All data in this manuscript are available to the scientific community
through the BCO-DMO database’® and through other releases™".
Source data are provided with this paper.
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Extended Data Fig. 1| US-Atlantic margin sampling stations with hydroacoustic data. Screen images of hydroacoustic data collected with a calibrated 38 kHz
transducer onan EK60 split-beam sonar during the 2017 R/V Hugh Sharp cruise on the USAM. More information about data acquisition and the full dataset are
availablein refs. >,
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Extended DataFig. 2| Measurement data of *C-CH, for US-Atlantic margin regressionin (a), two data points, 570 pMC and 325 pMC from T3S3 surface and
along with mixing model results. Plots of (a) vertical profiles of *C-CH, and T6S150 m, respectively, were excluded due to the potential impact from local
its relationship with depth from the US Atlantic margin, (b) the measured data anthropogenic contamination from nuclear power generation. For figure (b),
(blue dots) and results from the two-endmember mixing model (red line)"*, and valuesin T1S2 (458 nM and 0.1 pMC) and T6S1 (3.7 nM, 123.4 pMC) were used for
(c) the comparison between the measured and mixing modeled *C-CH,. For the the bottom and surface endmembers, respectively.
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Extended Data Fig. 3 | Hydroacoustic observations along the US-Pacific margin. Screen images of seafloor seeps detected on the US-Pacific margin using a
hydroacoustic sensor (EK80) during the research cruise.
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Extended Data Fig. 4 | Surface distributions of water properties. Surface contour plots of (a) temperature, (b) salinity, (c) dissolved oxygen, (d) CH, concentrations,
(e) Chlorophyll a, and (f) nitrate concentrations (measured via Seabird Scientific, SUNA V2) in the Pacific margin. Colored dot represents *C-CH,, and the color scale

and station ID are shownin (b).
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Extended DataFig. 5| Procedures for sample collection and preparation for measurement. Schematic diagrams of (a) gas extraction in the field and (c) gas
purificationin the laboratory. Pictures of equipment (b) in the field and (d) in the laboratory are also shown. Schematic diagrams (aand ¢) and photograph (d) were
accessed fromref. >,
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Extended Data Fig. 6 | Examples of gas standards and blanks subjected to the areshownin (a) and (b), respectively. Total carbon blanks (c) for the purification
laboratory preparation procedures. Example diagrams for the gas standard system were also monitored daily when samples were run. Subplotsin (a) and (b)
tests monitoring the performance of the laboratory gas-purification system; show the trapping of CO, converted from CH,. Plots (a) and (b) were reproduced
High and low standards, which were customized based on the concentrationsin fromref. >,

the collected samples, were measured throughout this study, the results of which
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Extended Data Fig. 7 | Vertical profiles of ancillary data. Top panel shows (a) temperature, (b) salinity, and (c) dissolved oxygen in Pacific margin sites. Bottom panel
represents (d) temperature, (e) salinity and (f) dissolved oxygen in Atlantic margin sites.
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