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Abundant Early Palaeogene marine gas hydrates
despite warm deep-ocean temperatures
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Abrupt periods of global warming between 57 and 50 million
years ago—known as the Early Palaeogene hyperthermal
events—were associated with the repeated injection of mas-
sive amounts of carbon into the atmosphere’*. The release
of methane from the sea floor following the dissociation of
gas hydrates is often invoked as a source®. However, seafloor
temperatures before the events were at least 4-7°C higher
than today’, which would have limited the area of sea floor
suitable for hosting gas hydrates®’. Palaeogene gas hydrate
reservoirs may therefore not have been sufficient to provide a
significant fraction of the carbon released. Here we use numer-
ical simulations of gas hydrate accumulation® at Palaeogene
seafloor temperatures to show that near-present-day values
of gas hydrates could have been hosted in the Palaeogene.
Our simulations show that warmer temperatures during the
Palaeogene would have enhanced the amount of organic carbon
reaching the sea floor as well as the rate of methanogenesis.
We find that under plausible temperature and pressure condi-
tions, the abundance of gas hydrates would be similar or higher
in the Palaeogene than at present. We conclude that methane
hydrates could have been an important source of carbon during
the Palaeogene hyperthermal events.

Earth’s surface, including deep ocean water, was generally 5-9 °C
warmer in the late Palaeocene and early Eocene relative to the
present day, presumably because of much higher atmospheric pco,
(ref. 1). During a long-term warming trend within this interval,
at least two and probably more ‘hyperthermals’ occurred. These
were geologically brief (<200 kyr) events characterized by intense
global warming, profound environmental change and massive
input of C-depleted CO, (refs 2—4). The Palaeocene-Eocene
Thermal Maximum (PETM) at about 56 million years (Myr) ago
is the most pronounced and best-documented example. In this
case, seafloor temperature (Ty) rose an additional ~5°C within
50kyr (refs 1,9-12). Nearly coeval with the warming, at least
2,000 gigatons (Gt) of *C-depleted carbon entered the ocean and
atmosphere®. This is evidenced by a significant (>2%0) decrease
in the §"*C value of carbon-bearing material deposited during the
onset of the PETM, and coincident dissolution of carbonate in
deep-sea environments®3,

The carbon injections of the PETM and other hyperthermals
challenge conventional models for global carbon cycling'. A widely
discussed cause has been thermal perturbation of a large gas hydrate
capacitor™®. As for the present day, the upper hundreds of metres of
marine sediments hosted highly *C-depleted CH, (§"*C < —50%0)
as gas hydrate!. At steady state, a portion of organic carbon

buried in sediment was converted to CH,, much of this CH, was
stored as gas hydrate, and a small portion of carbon returned
to the ocean through anaerobic oxidation in shallow sediment.
However, when Ty rose, large quantities of gas hydrate converted
to free gas, and the output of *C-depleted CH, from the sea floor
increased substantially, presumably through venting or sediment
failure. Once released, the CH, was oxidized to CO, in the ocean
(through microbial activity), the atmosphere or both.

Recent studies of sedimentary records across the PETM are
consistent with widespread CH, release from submarine gas
hydrates during this time>"*. In particular, environmental changes,
including ocean warming, preceded massive carbon injection''2,
and a relatively modest input of carbon (~2,500 Gt) exceptionally
depleted in PC (<—50%0) is suggested by globally examined
carbon isotope and carbonate dissolution records'®. However, this
explanation necessarily implies that a large amount (probably
~5,000 Gt or more) of *C-depleted carbon was stored as gas
hydrate and free gas during the late Palaeocene®.

The amount of carbon in present-day gas hydrate is poorly
constrained, but probably <10,000 Gt (refs 5,16,17). Significantly
warmer ocean bottom waters during the latest Palaeocene (~9 °C;
ref. 1) would necessarily mean thinner gas hydrate stability zones
(GHSZs) along continental margins’. Some authors have suggested
this implies much less gas hydrate than the present, so that
dissociation of gas hydrates cannot explain the carbon inputs of the
hyperthermals'®'®. However, a possible alternative is that a large
amount of gas hydrate was held in a relatively small volume of
sediment when T was 5-9 °C above that of the present for millions
of years®. We address this idea here.

Several one-dimensional (1D) models have been developed
to simulate gas hydrate formation in marine sediment columns
over long time intervals®'®®. In general, organic matter lands
on the sea floor and is buried through a GHSZ where microbes
convert organic matter to CH,; gas hydrate then precipitates when
CH, concentrations surpass its solubility within the GHSZ. The
thickness of the GHSZ is determined by salinity, pressure and
temperature profiles in sediment. The amount and distribution
of gas hydrate within the GHSZ, however, depend on several
factors, in particular the organic carbon content that escapes
oxidation in shallow sediment, the reaction rate of methanogenesis,
the sedimentation rate, fluid advection, CH, diffusion, and time.
Although heterogeneities are not considered in 1D models, when
the simulations are run over millions of years, they give reasonable
first-order depth profiles of gas hydrate at multiple locations, such
as Blake Ridge and the Cascadia margin®'*%.
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Figure 1| The gas hydrate volume fraction (Vac,h = Sh¢) with respect to
depth below the sea floor at different seafloor temperatures T (Case I).
Dst = 2.0 km. The total gas hydrate volume per unit seafloor area (V},, in
m3 m~2) is given for each curve. For the parameters see Supplementary
Table S2. Note that changes in V, are not straightforward because
temperature impacts multiple parameters (Supplementary Table S2).

We provide two initial sets of simulations for gas hydrate
distribution below the sea floor (Fig. 1 and Supplementary Fig. S3a)
using a 1D model® with parameters given in the Supplementary
Information. These sets pertain to hypothetical locations where the
water depth is 1 or 2 km, and where the bottom-water temperature
is between 3 and 15 °C. Parameters were chosen so that a ‘base case’
(2km; 3 °C) has conditions analogous to those on the present-day
outer Blake ridge, an extensive region well known for investigations
of gas hydrate®! (Methods and Supplementary Information).

Most simulations render a generic shape for the amount and
distribution of gas hydrate below the sea floor (Fig. 1). At some
shallow depth (~ 25 to 100 m below sea floor, m.b.s.f.), the methane
concentration surpasses the gas hydrate solubility condition, and
hydrate begins to accumulate. The amount then increases with
depth such that sediment contains 1-7% gas hydrate (v/v) at the
base of the GHSZ. The depth profile of gas hydrate abundance for
the ‘base case’ is fairly similar to that for sites on the outer Blake
ridge. In fact, if all parameters are adjusted to that of Ocean Drilling
Program site 997, the ensuing profile gives a good representation of
the overall gas hydrate distribution at this location®?!.

As emphasized above and elsewhere”!®!7, warmer bottom water
significantly impacts the thickness of the GHSZ on medium to long
(>10° yr) timescales (Fig. 1). These changes occur because warmer
bottom water increases sub-seafloor temperatures, and this affects
the depth of the triple point of gas hydrate, dissolved gas and free
gas”®. The overall effect is to raise the base of the GHSZ, and to
thin its thickness.

At elevated Ty; on the million-year timescale, however, increased
amounts of hydrate may occur within the GHSZ (Fig. 1) for two
reasons. First, a change of T from 3 to 9°C results in a decrease
in dissolved [O,] at the sea floor, which increases the flux of
organic carbon that escapes oxidation in the water column and
shallow sediment** (Methods and Supplementary Information),
and which enters the GHSZ (ref. 17). The organic carbon content
just below the sea floor (@) can increase by a factor of 1.7
to 6, depending on water depth, organic carbon rain and other
factors (Supplementary Fig. S2). Second, when T rises from
3 to 9°C, the methanogenesis rate constant within the GHSZ
increases. Between 0 and 40°C, this increase is exponential with
a factor of 2.5 to 3.0 (Supplementary Fig. S1) for several known
methanogens®** (Methods and Supplementary Information).
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Figure 2 | Methane production profiles with respect to depth below the
sea floor at different seafloor temperatures (Case I). Dt = 2.0 km. The
effects of higher organic carbon input and elevated methanogenesis rates
at higher sediment temperatures have been included. The black bars show
the base of the GHSZ for each T¢;. The parameters (Supplementary

Table S2) are the same as those in Fig. 1.

Thus, methane production at a given depth within the GHSZ
can be enhanced by several fold, and the zone of maximum
methanogenesis moves closer to the sea floor (Fig.2). Whereas
temperature changes affect other parameters, such as CH, diffusion
rates, they do not impact hydrate distribution very much.

Elevated seafloor temperature thins the GHSZ but increases CH,
production within this zone (Fig.2). The combination of both
shortens the time to attain steady state and affects the total volume
of gas hydrate beneath a unit area of sea floor (V},). Our simulations
demonstrate that, with all other parameters similar except for the
increased Ty and corresponding amount of organic carbon landing
on the sea floor and rate of methanogenesis, some sites on the
sea floor can have greater amounts of gas hydrate beneath bottom
waters at Ty of 9 °C than at 3 °C. As an example (Case I), for water
depth D¢ = 2km, V}, increases from 2.5m’* m™* at Ty of 3°C to
3.3m’ m~2 at 9°C (Fig. 1). This can also happen at shallower water
depths (Case II, Dy = 1 km; Supplementary Fig. S3a).

Animportant issue is whether these are a few cases resulting from
specific parameters or from more general solutions. Previous work
has shown that key parameters affecting gas hydrate distribution
in marine sediment can be scaled into dimensionless groups®. This
enables results from countless potential simulations with different
specific parameters to be examined collectively. Two primary
dimensionless groups are: Pe,/Da, the ratio of sedimentation
rate to average reaction rate; and N, the ratio of GHSZ
thickness L, to the characteristic compaction length Ly (ref. 8 and
Supplementary Information.)

The total hydrate volume per unit seafloor area at a bottom-
water temperature of 9°C can be compared with that at 3°C as a
ratio k = V}, 9¢/Vh.sc. This ratio depends on the water depth and
Ty (Fig. 2 and Supplementary Fig. S3). It also varies with organic
carbon rain and dissolved [O,] at 3°C (Supplementary Fig. S3),
because these impact «p (Supplementary Fig. S2 and ref. 24). At
2 km water depth, k > 1.0 is likely for many circumstances because
ap can easily increase by a factor of 2 when Ty rises from 3 to
9°C (Fig. 3 and Supplementary Fig. S2b). At 1km depth, k > 1.0
is also possible, although this requires &, to increase by a factor of
5 when T rose from 3 to 9°C (Supplementary Fig. S2a). Greater
gas hydrate amounts with Ty of 9°C (k > 1.0) generally occur for
systems characterized by low Pe, /Da and low N,y (Fig. 3). These are
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Figure 3 | Contour plots showing the ratio of total hydrate volume at
seafloor temperature (Tt) of 9 °C to that at 3°C (k =V}, 9¢/Vh,30)-

a-c, Organic carbon rain (umol cm=2 yr=1): 10 (a), 30 (b), 100 (c). k> 1
means that the total gas hydrate volume is greater with warmer deep ocean
water. Case | is that shown in Fig. 1. (Pe;/Da)sc represents the ratio of
sediment burial to average reaction rate at Tst =3 °C; Nyg 3¢ represents the
ratio of the GHSZ thickness at Ts =3 °C to the characteristic length of
compaction. Seafloor depth Dss = 2.0 km. For other system parameters see
Supplementary Table S3.

locations, such as the present-day Blake ridge, where modest to high
amounts of solid organic matter move relatively slowly through the
GHSZ at deeper water depth.

Although concentrated deposits of gas hydrate dominated by
focused fluid flow have received considerable attention, most of

LETTERS

the total gas hydrate reservoir probably occurs disseminated in
sediment over large regions such as the outer Blake ridge. These
systems, where microbial methanogenesis of organic matter and
methane diffusion lead to dispersed gas hydrate over millions of
years (Fig. 1), are the type that can produce greater amounts of
gas hydrate beneath the sea floor during prolonged conditions of
slightly elevated deep-ocean temperature (that is, 3—6 °C warmer
than the present). Interestingly, in these cases, higher amounts of
gas hydrate will be shifted closer to the sea floor (Fig. 1), and faster
rates of methanogenesis (Fig. 2) would recharge gas hydrate systems
following methane loss more quickly.

The global abundance of marine gas hydrate at present is
very large but poorly constrained™'®!”. Despite warmer bottom
water and smaller GHSZs in the Early Palacogene, the amount
may have been similar to the present day, irrespective of the
exact quantity. This is because elevated Ty increases organic
carbon contents entering sediment and raises methanogenesis
rates. Furthermore, gas hydrate would have been more susceptible
to repeated discharges of CH; owing to shallower occurrence
within the GHSZ, and would have recharged faster after a CH,
release because of enhanced methane production. These last
predictions are intriguing because they are consistent with generic
interpretations of global carbon isotope (§">C) records during the
Early Palaeogene!%%10.

Methods

The mathematical model and numerical algorithm for our simulations have been
detailed in previous work®. All factors affecting gas hydrate formation over time
are the same in each simulation, except those that depend on water depth and
Ty (see Supplementary Information). We make the following four assumptions.
First, a change in Ty at a given location implies a corresponding change in

sea surface temperature where the water initially sank. Second, at a higher sea
surface temperature, dissolved [O,] at surface waters, which equals O, solubility,
decreases?. Third, there are general relationships between dissolved [O,] and water
depth?; there are also relationships between organic carbon rain and dissolved
[O,] and the fraction of organic carbon rain buried in sediment?*. Fourth, the
methanogenesis rate constant A increases with temperature significantly”2%, and
follows the Arrhenius equation A = Aexp(—E/RT), where T is temperature, E is
the activation energy, R is the gas constant and A is a constant (see Supplementary
Information). The first three assumptions imply that, when T increases, organic
carbon content just below the sea floor () increases because of decreased
dissolved [O,]. Each simulation was conducted so that steady state was reached,
which generally occurred after tens of millions of years.
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