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Recent changes to the Gulf Stream causing
widespread gas hydrate destabilization

Benjamin J. Phrampus' & Matthew J. Hornbach'

The Gulf Stream is an ocean current that modulates climate in the
Northern Hemisphere by transporting warm waters from the Gulf
of Mexico into the North Atlantic and Arctic oceans™*. A changing
Gulf Stream has the potential to thaw and convert hundreds of
gigatonnes of frozen methane hydrate trapped below the sea floor
into methane gas, increasing the risk of slope failure and methane
release®. How the Gulf Stream changes with time and what effect
these changes have on methane hydrate stability is unclear. Here,
using seismic data combined with thermal models, we show that
recent changes in intermediate-depth ocean temperature asso-
ciated with the Gulf Stream are rapidly destabilizing methane
hydrate along a broad swathe of the North American margin.
The area of active hydrate destabilization covers at least 10,000
square kilometres of the United States eastern margin, and occurs
in a region prone to kilometre-scale slope failures. Previous hypo-
thetical studies>® postulated that an increase of five degrees Celsius
in intermediate-depth ocean temperatures could release enough
methane to explain extreme global warming events like the
Palaeocene-Eocene thermal maximum (PETM) and trigger wide-
spread ocean acidification’. Our analysis suggests that changes in
Gulf Stream flow or temperature within the past 5,000 years or so
are warming the western North Atlantic margin by up to eight
degrees Celsius and are now triggering the destabilization of 2.5
gigatonnes of methane hydrate (about 0.2 per cent of that required
to cause the PETM). This destabilization extends along hundreds
of kilometres of the margin and may continue for centuries. It is
unlikely that the western North Atlantic margin is the only area
experiencing changing ocean currents'®"'*; our estimate of 2.5 giga-
tonnes of destabilizing methane hydrate may therefore represent
only a fraction of the methane hydrate currently destabilizing
globally. The transport from ocean to atmosphere of any methane
released—and thus its impact on climate—remains uncertain.

Methane hydrate, a solid consisting of methane and water, is stable
at high pressures and low temperatures. Owing to a positive thermal
gradient in the Earth, methane hydrate exists only within the first few
hundred metres of sediments in deep marine settings, below which
methane gas and liquid water are stable'’. Methane hydrates represent
one of the largest reservoirs of organic carbon on Earth®'>'. Studies
speculate that destabilization of methane hydrates could inject signifi-
cant quantities of methane into the ocean and possibly the atmosphere,
leading to spikes in atmospheric carbon levels**.

The base of hydrate stability can sometimes be detected directly in
seismic data via bottom-simulating reflectors (BSRs) that appear as
strong, negative-polarity, high-impedance seismic reflections caused
by free gas at the base of the phase boundary'>'® (Fig. 1b). Hydrate
formation is strongly dependent on temperature, and because of this,
the base of the hydrate stability zone, as indicated by BSRs, is used for
estimating subsurface temperature'’.

Warming waters in the Gulf Stream can potentially destabilize
methane hydrate’. Additionally, slight changes in the Gulf Stream flow
direction can also destabilize methane hydrate by introducing warm
waters to regions previously exposed only to cold bottom-water currents.

The Gulf Stream consists of anomalously warm water at depths as great
as 1,000 metres below sea level (m.b.s.l; Fig. 2a). In regions where the
Gulf Stream is absent, ocean temperatures are markedly colder at inter-
mediate water depths (300-1,000 m.b.s.L; Fig. 2a).

Although much is known about the current state of the Gulf Stream,
relatively little is known about the evolution of the Gulf Stream before
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Figure 1 | Gas hydrates below the Gulf Stream in the western North
Atlantic. a, Study area, shown boxed in the map-view inset, where the location
of the Gulf Stream is also shown (dashed black lines), flowing along the western
edge of the North Atlantic margin'?. In the main figure, the grey area denotes
where BSRs exist below the sea floor*'; the pink area is where methane hydrate is
destabilizing owing to recent changes in ocean temperature; and the
approximate location of the Gulf stream is between the two solid black arrows.
b, Multi-channel seismic line 80.A is one of several seismic lines in the region
showing clear BSRs shoaling westward along the edge of the continental
margin®. The rectangle indicated in white is shown magnified in the inset.
Inset, the gas hydrate phase boundary (that is, BSR) shows as a strong, negative
polarity reflector (black arrows) that behaves erratically with depth beneath
sea-floor less than ~1,000 m.b.s.l.
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Figure 2 | Evidence for recent changes in ocean temperature and hydrate
destabilization. a, Two different ocean temperature regimes exist in the
western North Atlantic, with Gulf Stream temperatures as much as 8 £ 1.1 °C
(1o error) warmer at intermediate water depths than ocean temperatures
outside the Gulf Stream. Seismic line 80.A was acquired within the Gulf Stream,
yet the predicted BSR depth using present day (Gulf Stream) ocean
temperatures is shallower than observed BSR depths for sea-floor depths less
than ~1,000 m.b.s.l. (b). Comparison between observed and predicted BSR

the Holocene epoch. Lynch-Stieglitz et al."* and Lund et al.'® suggest a
lower-flux, cooler Gulf Stream during cooler climates. Alternatively,
Winguth ef al.?, using computer simulations, suggest that during warmer
climates, warm ocean temperatures like those of the Gulf Stream prevail,
resulting in methane hydrate destabilization.

Where ocean temperature is well-constrained, comparison between
the predicted and the actual base of methane hydrate stability offers a
valuable means of identifying recent changes in ocean temperature and
sub-sea-floor temperature. Here we analyse the stability of methane
hydrates along the Carolina rise off the east coast of North America
using active-source seismic reflection data, with the goal of charac-
terizing hydrate stability below the Gulf Stream. The Carolina rise is a
region where both the Gulf Stream and methane hydrate stability are
well-constrained™'*"*~" (Fig. 1). Seismic data show clearly observable
BSRs imaged continuously below the sea floor at water depths of
800-4,000 m.b.s.l. throughout the region*"** (Fig. 1b, Supplementary
Information). At water depths shallower than ~1,000 m.b.s.1., the BSR
shoals owing to lower hydrostatic pressures and warmer ocean tem-
peratures, resulting in a vertically thinner hydrate stability zone within
the sediments (Fig. 1b).

By comparing the predicted base of the hydrate stability zone using
current hydrological and geological conditions with the observed base
of the hydrate stability zone, we determine if differences exist between
the observed and predicted temperature regime. Results show that at
depths greater than ~1,000 m.b.s L., the model-predicted BSR matches
observed BSR depths in seismic data (Fig. 2b). At shallower depths,
however, model predictions diverge from observations, with the
observed BSR consistently deeper than model predictions. Even after
accounting for end-member uncertainty (to 2¢), the observed BSR is
deeper than model predictions (Fig. 2b).

Many phenomena might explain the difference between observed
and predicted BSR depths, including changing sea level, gas composi-
tion, fluid flow, variable sedimentation rates, changes in heat flow,
seismic velocity model errors, and variations in ocean temperature.
Changing sea level affects hydrate stability by altering the hydrostatic
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depths for the two ocean temperature regimes indicate cold, non-Gulf Stream
intermediate ocean temperatures produce a much better fit to observed BSR
depths (c). This implies recent ocean warming or northwest intrusion of the
Gulf Stream along the Carolina rise and the onset of methane hydrate
destabilization along the margin. This observation is widespread
(Supplementary Information). Dashed yellow lines indicate where the BSR is
inferred but difficult to identify clearly in seismic data.

pressure regime; however, sea level in the early Holocene was lower,
resulting in lower pressure and shallower BSRs. Holocene changes in
sea level cannot therefore explain the anomalously deep BSRs observed
today. A consistent increase in the contribution of thermogenic gas
along the margin could also cause the phase boundary to deepen;
however, geochemical measurements indicate natural gas concentra-
tions are consistently 99% methane across the region'*****. Fluid flow,
by transporting heat more efficiently via advection, can have a signifi-
cant effect on temperature; however, the anomalously deep hydrate
stability zone observed along the edge of the margin requires down-
ward flow, which is inconsistent with regional fluid models*. Rapid
sedimentation can also result in anomalously cool shallow sediment
temperatures®®. However, sedimentation in this region has not exceeded
30m Myr ' since the Pleistocene epoch, and modelling indicates that
the regional sedimentation rate is too low to explain the discrepancy
between observed and predicted BSR depth**#°. Lateral variations in
heat production can also vary heat flow and temperature. Previous
studies across this region suggest no significant variations in heat flow
or radiogenic material across the site'>****. Indeed, an average heat flow
of 19mW m ™2 is necessary to explain the anomalously deep BSR at
the margin edge. This is a factor of two below regional observations™.
Finally, anomalously high seismic velocities used to create the seismic
depth section could also result in anomalously deep BSRs. The seismic
velocities necessary to offset observed BSR depths to model predictions
are physically unreasonable'’; a compression-wave velocity averaging
less than 250ms ™' in sediments above the BSR is needed to explain
the discrepancy. This leaves ocean temperature variations as the last
plausible explanation for the discrepancy between the observed and
predicted BSR. Specifically, if ocean temperatures recently warmed at
intermediate water depths, it would take time for heat to propagate
downward. Before thermal equilibration, the observed BSR would
therefore be cooler and appear anomalously deep compared to model
predictions.

To test whether cooler intermediate-depth ocean temperatures in
the recent past might explain the discrepancy between the observed
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and predicted depth of methane hydrate stability along the Carolina
rise, we re-ran the heat-flow model but removed the warming effects of
the Gulf Stream. Instead, we apply as our top boundary condition a
mid-Atlantic temperature-depth profile acquired outside the Gulf
Stream (Fig. 2a). Model results show a remarkably good fit between
observed and predicted BSR depth for all depths (Fig. 2¢).

Warming of the intermediate-depth ocean within the Holocene
provides a simple explanation for the discrepancy between the
observed and predicted base of the methane hydrate phase boundary
(Fig. 3). The analysis implies that the Gulf Stream was cooler, lower
flux, or recently diverted northwest during the Holocene, consistent
with previous studies"*'*'®. The result also implies that recent changes
in ocean temperature are causing contemporary destabilization of
methane hydrates along the North American margin.

Analysis of BSRs in other regional seismic data suggests that recent
ocean bottom warming is ubiquitous along the Carolina rise. In addi-
tion toline 80.A, we analysed two other published seismic lines acquired
in the Gulf Stream along the North Atlantic margin that show clearly
identifiable BSRs** (Supplementary Information). Both lines are located
more than 40-50 km away from line 80.A, yet results from all three
seismic lines are identical. Specifically, analysis of all three seismic
lines suggests that BSRs located below sea-floor depths shallower than
~1,000 m.b.s.l. are unstable along the Carolina rise, and that recent
intermediate ocean temperature warming is widespread along the
margin just east of North Carolina.

Other studies support the idea that shifting ocean currents and sig-
nificant (>1 °C) Holocene ocean temperature changes occur in this
region'* ", During the twentieth century, the most significant measured
sea surface temperature warming in the North Atlantic Ocean occurred
above the Carolina rise'’. Ocean surface warming above the Carolina
rise has been attributed' to either a northwest shift in the Gulf Stream
flow direction or a warming Gulf Stream, as we suggest. Analysis of
ocean drilling data also indicates recent (Holocene) changes in the Deep
Western Boundary Current along the edge of this margin''.

Extrapolating our observations across the area where the Gulf
Stream and known methane hydrate deposits exist, we place first-order
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Figure 3 | Timing methane hydrate dissociation along the western Atlantic
margin. To place first-order constraints on the timing of ocean temperature
warming and methane hydrate dissociation along line 80.A, we run a time
dependent diffusive heat-flow forward model in which we start initially with
our steady-state cold ocean temperature model result (Fig. 2¢), but
instantaneously change the ocean temperature boundary condition to present
day (Gulf Stream) values. The resulting forward model shows evolution of
hydrate stability and BSR depth through time. Each coloured line represents a
model-predicted BSR location in the future. These results indicate that
dissociation will continue for the next several thousand years if no change in
ocean temperature occurs. The pink zone represents the total area of
destabilizing methane hydrate.
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constraints on the area of hydrate destabilization (Fig. 1). Our analysis
suggests that we are observing the onset of methane hydrate desta-
bilization along a ~300-km span of the North American margin that
will continue for centuries unless the Gulf Stream shifts southward or
intermediate ocean temperatures cool several degrees"*'>' (Fig. 3).
We estimate that hydrates are currently destabilizing within a volume
of ~7.5 X 10" m®. Assuming an average porosity of 60% in the shallow
sediments where hydrates are destabilizing, hydrate filling 5% of the
pore space, and 123 kg of methane per cubic metre of hydrate, we
estimate that ~2.5 Gt of methane—or ~0.2% of that necessary to
explain the PETM—are currently destabilizing beneath a sea-floor area
of ~10,000 km” off the US eastern seaboard*. If continuing hydrate
destabilization triggers slope failure at this site, the amount of methane
released could be an order of magnitude greater'®. Hydrate destabiliza-
tion, by converting solid methane hydrate into methane gas and water,
can elevate pore fluid pressure along the slope edge, reducing slope
stability in areas prone to frequent, potentially tsunamigenic slope
failure*>”'¢. It is perhaps no coincidence that the upper headwall
of the Cape Fear slide, the largest submarine slide complex along the
western North Atlantic margin, resides within the area of active
hydrate destabilization (Fig. 1).

Recent shifts in Gulf Stream flow or temperature provide a simple
yet powerful mechanism for contemporary methane hydrate dissoci-
ation and carbon release. The analysis presented here provides a
method for constraining Holocene changes in intermediate-depth
ocean temperatures and also demonstrates that slight deviations in
ocean currents have a profound impact on margin stability and the
ocean carbon budget. It is unlikely that the western North Atlantic
margin is the only area experiencing widespread hydrate destabiliza-
tion due to changing ocean currents. Recent studies have suggested
that similar ocean temperature shifts may occur both in the Arctic
Ocean’?”** and globally along subtropical western boundary currents'?.
Our estimate of 2.5 Gt of destabilizing methane hydrate may therefore
represent only a fraction of the methane hydrate currently destabilizing
globally.

METHODS SUMMARY

To test whether methane hydrates below the Carolina rise are stable and tempera-
tures are in steady state, we developed a 2D finite difference diffusive heat-flow
model, discretized into 20 m (vertical) X 50 m (horizontal) cells, that accounts for
conductivity, temperature, bathymetry and depth along depth-converted seismic
line 80.A***. To constrain ocean temperature with depth, we average nine conduc-
tivity—temperature-depth (CTD) measurements near the site (Fig. 2a). We estimate
heat flow at this site using the method outlined in ref. 17 that calculates heat flow
from deep-water (>2,000 m.b.s.l.) BSRslocated below the Gulf Stream thermocline.
For thermal conductivity, we use a value of 1 Wm ™" K™/, consistent with regional
measurements'*?°?*, We calculate an average heat flow of 40.7 = 4.6 mW m > (20),
consistent with regional conductive heat-flow measurements and borehole thermal
data collected near this site'****,

With conductivity, sea-floor temperature, sea-floor shape and heat flow con-
strained, we calculate the 2D steady-state temperature distribution within the
marine sediments using a finite-difference diffusive heat flow approach. We calcu-
late thermal diffusivity assuming constant thermal conductivity of 1Wm™ 'K,
an average bulk density of 1,700kgm >, and a specific heat capacity of
2,500J K" kg ', consistent with drilling results'*****. We hold heat flow constant
with time at the bottom boundary and sea-floor temperature constant with time
and variable with depth, consistent with CTD values. We estimate temperature
uncertainty by integrating end-member uncertainty values into the model. We
calculate the base of the hydrate stability zone and location of the BSR by integrating
heat flow results with the CSMGem hydrate stability program® assuming hydro-
static conditions and a constant salinity of 34.9%o, as measured across the region®.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Data preparation. We obtained line 80.A seismic data and navigation files from
the UTIG marine seismic data repository. The data, originally collected in 1977%,
were provided as a stacked time section in SEGY format. Original processing of the
seismic data included demultiplexing, CDP sorting and velocity analysis using sem-
blance techniques, normal moveout correction, 24-fold stacking, time-variable gain,
and band-pass filtering. Because the data supplied are post-stack, we used velocity
analysis of CDP gathers from long-offset regional pre-stack seismic data acquired
near Blake ridge in 2000 to estimate seismic velocities in the shallow (<500 m.b.s.l.)
subsurface. Interval velocities at depths <500 m.b.s.1. consistently average just above
~1,500ms ™', and we used these interval velocities to convert line 80.A from time to
depth. Additionally, to convert the seismic section to depth, we incorporated con-
ductivity-temperature-depth (CTD) data to account for the effects of ocean tem-
perature and conductivity on sound speed with depth®. The depth conversion
enabled us to estimate sea-floor and BSR depth with metre-scale accuracy.

Heat flow model. With the 2D seismic depth profile for line 80.A constrained, we
create the domain for the 2D conductive heat flow model by picking the depth of
the sea floor along the profile using standard seismic interpretation software. We
export sea-floor picks into Matlab, and digitize them with a vertical resolution of
20 m and horizontal resolution of 50 m. This is the approximate resolution of the
seismic data and represents the standard grid-size resolution we use to run the 2D
heat flow model.

Next, we create a 1,500 X 255 cell thermal conductivity grid (with 50 m X 20 m
cell dimensions), in which we assign a conductivity value of 1 Wm ™" K" for all
depths below the sea floor, consistent with regional measurements'***>*. The base
of the conductivity model is such that the basal boundary locations are greater than
or equal to 3 km below the sea floor. We calculate thermal diffusivity using the
conductivity grid by assuming a constant thermal conductivity of 1Wm™ 'K,
an average density of 1,700 kg m > for the sediments and a specific heat capacity of
2,500J K~ 'kg ™, consistent with drilling results'*2*%*,

We also create a 1,500 X 255 cell temperature grid. To define the values for the
initial conditions and the boundary conditions of the temperature grid, we use
previously published regional heat flow measurements as well as independent heat
flow calculations from deep BSRs to constrain heat flow across line 80.A'"'2%*,
We calculate the regional heat flow using BSRs in the deep water environment
(>2,000 m.b.s.l.) where little variability in bottom water temperature exists by
assuming (1) a hydrate stability pressure-temperature curve for pure methane,
(2) a salinity of 34.9%o and (3) hydrostatic conditions. We use the CSMGem
program to constrain hydrate stability for these conditions™. The heat flow value
we obtain using this method of 40.7 + 4.6 mW m ™ * (2¢) is consistent with inde-
pendent regional conductive heat-flow measurements and borehole thermal data
collected near this site'****.

We define our initial starting-model temperature grid by first assuming a 1D
linear temperature gradient (that is, temperature increasing linearly with depth
below the sea floor), where we use two different ocean temperature regimes (inside
the Gulf Stream versus outside the Gulf Stream) as the top boundary condition at
the sea floor for our two different models. To constrain ocean temperatures at the
sea floor beneath the Gulf Stream, we used nine CTD profiles located near our
study area obtained from the World Ocean Circulation Experiment (WOCE).
Using these sites, we found temperature versus depth below the Gulf Stream
had an average standard deviation of 1.1 °C. For sea-floor temperatures outside
the Gulf Stream, we used the closest WOCE CTD measurements available near our
study area outside the Gulf Stream. As an additional cold water test, we used CTDs
from the tropical eastern Pacific where warm surface waters exist but no Gulf
Stream exists. CTD temperature-depth profiles for the eastern Pacific and non-
Gulf Stream Atlantic were consistent to within ~1.5°C, resulting in minimal
difference in model results. For each of the models shown in Fig. 2, sea-floor
temperature is held constant in time but is variable with depth, consistent with
measured temperature-depth profiles. With the top boundary condition con-
strained by CTD data, we assume open side boundary conditions, but hold the
top boundary and basal boundary temperature constant in time.

With thermal conductivity and temperature at the boundary conditions con-
strained, we run the 2D finite difference heat flow model. The 2D model assumes a
time-dependent, conductive heat flow regime with constant diffusivity, and no
significant in situ generation of heat. It therefore uses the following equation to
solve for temperature changes in time and space:

T (xy,t) *T T
A Aty T — 1
a "\ T W

Here, 0 is a partial derivative, T is temperature, ¢ is time, « is the diffusivity, x is
position in the x-direction, and y is position in the y-direction. To solve this
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numerically, we use a finite-difference technique where we approximate and
expand the space derivatives to second order such that:

azT;’y _ <T!c+1,y_2TJtr,y+T9tcfl,y>
o Ax? @)

and
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Where T, is the temperature at time ¢ and cell position (x, y); T's+1, is the
temperature at time t and cell position (x + 1,); T',—,,, is the temperature at time
t,and cell position (x — 1,); Ty, +1 is the temperature at time ¢ and cell position
(x,y + 1);and T’X,y,l is the temperature at time t and cell position (x, y — 1). Here,
dx and dy are approximated as Ax = 50 m and Ay = 20 m, respectively, as defined
by our grid size. We solve the time dependent heat flow equation using a semi-
implicit (forward-time centre-space) technique, noting we that we can approx-
imate the change in temperature with time at any given cell as:

OTCept) (T£$ - Ti,y) A
a A @
where T*"", | is the temperature at cell (x, y) at the next time step ( + 1), and At is
the time step. To maintain numerical stability, we set At less than Ay*/(2x). We
iteratively determine how temperature changes in time and space below the sea
floor at line 80.A by substituting equations (2), (3) and (4) into equation (1) and
solving for T'*", such that:

Tathrl.y _ZT)[C.y + TJtcfl,y) n (T;,erl _ZT)[c.y + Tatr,yfl)
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To calculate steady-state temperatures for each of the models presented in Fig. 2,
we ran the heat flow model for 3 million years, using the two different ocean
temperature regimes for each model. We estimate temperature uncertainty for
Fig. 2 by re-running the model using end-member (2¢) uncertainty values for both
ocean temperature and heat flow.

To calculate the expected temperature change with time shown in Fig. 3, we

took the steady-state solution for the cold ocean temperature regime as our start-
ing model but set the upper boundary condition to warm Gulf Stream tempera-
tures values. This model therefore assumes an instantaneous ocean temperature
change. We then ran the model for 10,000 years, outputting temperature results at
100-year time intervals.
CSMGem hydrate stability model. To calculate the location where the base of
hydrate stability (and therefore, the BSR) exists below seismic line 80.A, we integ-
rate our heat flow model results with the CSMGem program*. The CSMGem
program generates precise and accurate hydrate stability phase diagrams that
account for natural gas composition, concentration of inhibitors of hydrate forma-
tion (such as salt), and variable pressure and temperature regimes.

With steady-state temperature constrained below the sea floor via 2D numerical
modelling results, we determine the locations of hydrate stability below the sea
floor by estimating pressure at each cell in the model. For pressure, we assume both
hydrostatic and lithostatic conditions. For hydrostatic conditions, we assume a
water density of 1,040 kg m ™~ ; for lithostatic conditions, we assume an average
grain density of 2,700 kg m ™. We assign both lithostatic and hydrostatic pressure
values to each cell in the temperature grid.

To use the CSMGem model to constrain where hydrate forms, we assume pure
methane gas and a constant salinity of 34.9%o, in accordance with previous studies
near this site'***. We now have constraints on chemistry, temperature (from 2D
model results), and pressure (hydrostatic and lithostatic), and can calculate, based
on CSMGem output results, where hydrate is stable for any given pressure or
temperature value.

With the hydrate stability phase boundary known from CSMGem results, we
interrogate each cell location in the temperature and pressure grids to determine if
the pressure and temperature conditions are appropriate for hydrate stability at
each cell. Cells where hydrate is stable are denoted in a new hydrate stability grid
with the value “1”. At cells where hydrate is unstable, we fill the hydrate stability
grid with a value of “0”. The program then searches through the hydrate stability
grid and auto picks the location of BSRs by finding where transitions occur
between cell values of 1 and 0. The hydrate stability grid therefore produces the
model results that are overlain on the seismic data in Figs 2 and 3.
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