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Abstract

For the past 50 years, gas hydrates have been regarded by
scientists as part of the hydrocarbon reserves, particularly
at governmental institutions. A better understanding of
the processes controlling the distribution and dynamics of
gas hydrates in nature, especially their sensitivity to
changes in gas composition, pressure and temperature,
requires both theoretical knowledge of their stability and
dynamic behavior and knowledge of how gas hydrates
form and where they occur in the sediment. Geophysical
data, geochemical data and thermodynamic models
indicate that both the rate of response and the total
integrated response to climate change in the ocean depend
on the location and forms in which hydrates are
distributed. Thus, mapping gas hydrates by indirect
geophysical methods or through dedicated drilling cam-
paigns is fundamental to all research involving gas
hydrates. This includes studies of their role in climate

change, their consequences for slope stability, their role at
the base of the food web for benthic ecosystems and their
potential as a future energy resource. Here we provide a
brief introduction to the occurrence of gas hydrates on
Earth, and how this information may assist in detecting
them on other planetary bodies.

3.1 Introduction—The Location of Gas
Hydrates Beneath the Seabed

Active and passive continental margins underlie approxi-
mately one third of the world’s oceans. Subsurface temper-
atures in these areas are cold enough and pore pressure is
high enough for gas hydrates to form (Fig. 3.1). Gas
hydrates are crystalline compounds occurring in the pore
space of sediment, creating an ice-like lattice of water
molecules surrounding gas molecules (Sloan and Koh 2008).
In addition to the requirements for low temperature and high
pressure, the stability of gas hydrates also depends on gas
and pore water composition, grain size and available pore
space. Together, these conditions control the thickness of the
gas hydrate stability zone (GHSZ) (Figs. 3.2 and 3.3) (e.g.,
Riedel et al. 2010), and whether the hydrates will be dis-
tributed as small grains in the pore space, as vein-filling
sheets, massive layers or as nodules (e.g., Torres et al. 2008).
Whether gas hydrates are actually present in the GHSZ
depends on the availability of enough free gas and water. It
may seem counter-intuitive to expect dry sediment below the
ocean floor, but hydrate formation can efficiently consume
pore water until there are dry zones within the sediment
under very rapid gas flux, allowing gas to escape into the
ocean (e.g., Tréhu et al. 2004a). Though most gas trapped in
hydrates is methane (e.g., Kvenvolden 1988, Ginsburg and
Soloviev 1998), both higher hydrocarbons and CO2 have
also been found in natural gas hydrates (Kvenvolden et al.
1984; Rehder et al. 2008).
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Gas hydrates are generally found in the uppermost several
hundred of meters below the seafloor in continental margins
(e.g., Torres et al. 2004, Tréhu et al. 2006, Ruppel and
Kessler 2017), and are also commonly associated with per-
mafrost regions (e.g., Dallimore et al. 1999; Collett et al.
2011). At water depths of <400–600 m throughout most of
the ocean (depending on the regional oceanic temperature
profile), the temperature at the seafloor is too high to permit
the formation of gas hydrates (e.g., Fig. 3.1) (Sloan and Koh
2008). Although the GHSZ is theoretically thickest below
the deepest parts of the ocean, there is not enough organic
matter for biogenic gas production and hence free gas for
hydrates to form within the sediment of the deep ocean
abyssal plains. Geophysical exploration along continental
margins has documented that the focused ascent of warm
fluids can locally elevate the subsurface temperature, causing
the GHSZ to become thinner (De Batist et al. 2002; Snyder
et al. 2004; Crutchley et al. 2014).

3.2 History of Gas Hydrate Exploration
and Global Assessments of Distribution

The geophysical exploration of continental margins in the
1970s revealed a surprising observation: a seismic reflector
that cross-cut other reflectors, which was not the result of

either sedimentary deposition or structural deformation.
Because this widespread and enigmatic reflection locally
mimicked the seafloor, it was termed the ‘bottom simulating
reflector’ (BSR). When the polarity of this reflection is
negative, thus indicating a decrease in the seismic velocity of
the sediment below the reflection, it is interpreted to repre-
sent the base of the GHSZ (BGHSZ). A negative polarity
results from the acoustic impedance contrast between
hydrate-bearing sediment above and free gas-bearing sedi-
ment below (e.g., Stoll et al. 1971; Tucholke et al. 1977;
Shipley and Houston 1979). This reflection is thus caused
not by lithology or structure, but by a change in the nature of
the pore-filling substance.

Sediment coring by the Deep Sea Drilling Project (DSDP
Leg 11; DSDP Leg 76) recovered gas hydrates in sediment
cores for the first time (e.g., Kvenvolden and McDonald
1985) on the southeast US passive continental margin along
Blake Ridge in 1970 (e.g., Paull et al. 1996) and later at the
accretionary complex of the Middle America trench (DSDP
Legs 66, 67 and 84) (Fig. 3.4). This proved the existence of
natural gas hydrates in very different sedimentary environ-
ments, supporting the inference from BSR observations that
gas hydrates are indeed very common on continental mar-
gins. There remains a considerable amount of uncertainty,
however, regarding the total amount of gas trapped in
hydrates worldwide (e.g., Piñero et al. 2013).

Fig. 3.1 Example of gas hydrate stability within a continental margin
(after Kayen and Lee 1991). Left: methane hydrate stability curve
(orange) and temperature-depth profile (purple). Blue regions show
GHSZ below the seafloor. Hydrates are also stable in part of the water
column, but as they are lighter than water, they will float up and

dissociate. Right: schematic diagram of a continental margin with the
location of the phase diagram indicated by the vertical line A–B. GHSZ
thickness increases with increasing water depth, and hydrates are
unstable towards shallow waters
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Drilling in the permafrost regions of western Siberia in
Russia showed the potential of gas hydrates as an energy
resource in the Arctic for the first time. The Messoyakha gas
field is in theGHSZ; some of the gas produced in thisfieldmay
bea result ofhydratedissociation, due to theproduction-related
decrease in gas pressure (e.g., Makogen and Omelchenko

2013). Drilling at Messoyakha likely represents the first time
that gas has been produced from permafrost-associated gas
hydrates. Shortly thereafter, the Canadian and US American
Arctic permafrost region became a focus for international gas
hydrate drilling and production tests from gas hydrates (e.g.,
Dallimore et al. 1999; Collett et al. 2009, 2012).

Fig. 3.2 Top: World map of documented and inferred gas hydrate
locations based on the existence of gas hydrate-related bottom
simulating reflectors (BSRs) and/or samples from coring operations
(modified from Waite et al. 2020, USGS Gas Hydrate Data Base Map).

Bottom: Core sample showing gas hydrate from the Barents Sea
offshore northern Norway (credit: hydrate-01_CAGE20-3, Claudio
Argentino, UiT The Arctic University of Norway)
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3.3 The Importance of Natural Gas Hydrates

3.3.1 The Role of Gas Hydrates in Climate
Change

Because gas hydrate stability depends primarily on tempera-
ture and pressure, an important concern is how gas hydrates
will respond to global warming, and whether positive or
negative feedback will dominate globally. For example, rising
seafloor temperatures will result in gas hydrate dissociation,
whereas rising sea levels in response to melting ice sheets will
increase pressure and help to stabilize gas hydrates (e.g.,
Kvenvolden 1993; Dickens et al. 1997; Kennett et al. 2003;
Ruppel and Kessler 2017). The change in temperature at depth
beneath the seafloor lags at the seafloor, whereas the change in
pressure is instantaneously transmitted to greater depth. The
rate of response and the total integrated response, therefore,
depend on the location of hydrates beneath the seabed and how
they are distributed (e.g., Archer et al. 2009). The release of
methane from hydrate dissociation in ocean environments is
likely to: (a) increase the migration dynamics offluids through

sediment formation in thousands of seeps in the seabed,
(b) increase microbial reactions in the ocean, and (c) increase
the oxidation of CH4 in the ocean, thereby influencing ocean
chemistry. The ability to quantify and track the movement of
global seafloor methane emissions from gas hydrate dissoci-
ation remains highly uncertain, while the role of microbes in
controlling the flux of methane from the seafloor to the ocean
also remains poorly understood. Knowledge of the global
distribution of gas hydrates along continental margins, from
both deep to shallow geographic settings, is essential for
evaluating the potential impact of climate change on various
environments (e.g., Kennett et al. 2000; Higgins and Schrag
2006; Dickens 2011; Ruppel and Kessler 2017). This world
atlas offers a unique compilation of geophysical data, pro-
viding insight into the areas of gas hydrate formation in the
oceans of the world. Because climate change is the primary
driver of environmental change and has an impact on various
ocean–atmosphere interactions, this world atlas provides a
valuable resource for those who aim to understand the
response of hydrate systems in different physiographic and
geographic settings, from high to low latitudes and from past,
present and anticipated future conditions.

Fig. 3.3 A–F gas hydrate samples retrieved from different geological environments of continental margins (from Beaudoin et al. (2014a, b); after
Boswell and Collett 2011; Boswell et al. 2020)
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3.3.2 Hydrates as a Control on Benthic
Ecosystems

Biogenic methane production depends on the rate that
methanogenic archaea convert organic carbon to methane,
which is a function of ambient temperature and other envi-
ronmental boundary conditions (e.g., Boetius et al. 2000).
Because temperature increases with depth beneath the sea-
floor, there is a maximum depth at which archaea are still
active and produce methane from organic matter (e.g.,
Parkes et al. 1994). Water flux through a given sedimentary
environment is also a driver for methanogenic productivity
(e.g., Knittel and Boetius 2009); as permeability and water
flux decrease, so does productivity of methane.

There is a zone close to the seabed that is undersaturated
in methane due to the microbial reduction of sulfate, which
oxidizes methane and produces sulfide (Borowski et al.
1999; Boetius and Wenzhöfer 2013) (Fig. 3.5). The thick-
ness of this zone depends on the rates of (largely
buoyancy-controlled) upward methane migration and
diffusion-controlled downward sulfate migration. The base
of this zone is referred to as either the sulfate methane
interface (SMI) or the sulfate-methane transition zone
(SMTZ). This process prevents the formation of gas hydrates

at or near the seabed, except in areas with very high rates of
methane advection (Borowski et al. 1999). The resulting
high concentrations of hydrogen sulfide support chemosyn-
thetic biological communities that gain energy from sulfide
oxidation. These communities are diagnostic of the presence
of gas hydrates in the shallow subsurface and can include the
filamentous sulfur bacteria Beggiatoa, the clam Calyptogena
or the bivalve Acharax (Treude et al. 2003). The Gulf of
Mexico (e.g., MacDonald et al. 2005) (Fig. 3.6) and the
Cascadia Margin (e.g., Scherwath et al. 2019; Thomsen et al.
2012) are two notable examples of regions where the
dynamics of thermogenic and/or biogenic gas hydrates have
been monitored in relation to chemosynthetic biological
communities (Boetius and Wenzhöfer 2013; Sahling et al.
2016). Thermogenic gas is known to migrate upward into
the GHSZ in these areas.

3.3.3 The Role of Gas Hydrates in Slope Stability

Gas hydrates occur in various forms in the sediment, ranging
from finely distributed or fracture-filling veins to massive
meter-scale accumulations (Holland et al. 2008). These
morphologies largely depend on sediment type, fault sys-
tems and gas source. As hydrates may cement sediment and
increase the shear strength, their dissociation may reduce the
shear strength when it is accompanied by a pore pressure
increase due to gas release, although the latter process is
self-limiting. Theoretically, gas hydrate dissociation may be
an efficient process for destabilizing the seafloor (e.g., Kayen
and Lee 1991; Sultan et al. 2004) (Fig. 3.1), which relates to
the clathrate gun hypothesis. This hypothesis proposes that
initial ocean warming may lead to an increased occurrence
of slope failure and methane release that, in turn, may lead to
further warming and more landslides (e.g., Kennett et al.
2000; Maslin et al. 2010). The Storegga Slide was cited early
on as a potential candidate for this process (Mienert et al.
2002). However, despite two decades of research at conti-
nental margins on the proposed link between hydrates and
slope stability (e.g., Henriet and Mienert 1998), no conclu-
sive evidence has been produced that hydrate dissociation
has caused a major submarine landslide (Mienert et al.
2005). It must be noted, however, that submarine landslides
remove most of the geological evidence for their triggering
mechanisms, making conclusive determinations unlikely.
A study from the joint industry/academia Ormen Lange
project (Bryn et al. 2005) at the 8200 year old Storegga
Slide scar (Haflidason et al. 2005) provided geophysical,
geological and geotechnical evidence suggesting that failure
planes relate to the strain softening behavior of marine clays
in response to rapid sediment loading in glacial times. This

Fig. 3.4 Deep Sea drilling Project (DSDP) vessel Glomar Challenger.
The upper right shows Keith Kvenvolden, who studied the submarine
gas hydrates in the middle American Trench off Guatemala and Costa
Rica, participating in Leg 84 (from photo archive Scripps Institution of
Oceanography UC San Diego Library)
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generated excess pore pressure and supported the reduction
of the effective shear strength in the underlying clays,
leading to the retrogressive formation dynamics of the giant
slope failure during the deglaciation period. Ultimately, it is
thought that the slide was most likely triggered by a large
earthquake (Bryn et al. 2005). Large scars have been left on
the continental slopes of the world, mainly from retrogres-
sive submarine slope failures, making it difficult to attribute
a specific event to a particular failure mechanism due to the
concurrent weakening of the slopes (e.g., Paull et al. 2021).
Though hydrate dissociation is likely not a trigger (just as
rapid sediment loading is not a trigger) for slope failure, it
should be conducive in reducing shear strength during
hydrate dissociation, allowing smaller magnitude earth-
quakes to trigger slope failure. Quantifying this effect
compared to other possible hypotheses has been the real
challenge. Hydrate dissociation, degassing and excess pore
pressure evolution are topics that new studies may wish to
investigate on upper continental slopes (e.g., Leynaud et al.
2007; Sultan et al. 2004).

3.3.4 Hydrates as a Future Energy Source

The very high initial estimate of gas hydrate volume was
more than 10,000 Gt of carbon (Kvenvolden 1988), which
was revised downward to 500 Gt (Milkov and Etiope 2005)
before being revised again to settle at estimates between
1500 and 4500 Gt (Piñero et al. 2013; Kretschmer et al.
2015; Archer and Buffet 2005). Although there is still a high
level of uncertainty regarding the total number of hydrates,
they represent a considerable fossil fuel resource. For this
reason, several countries have invested in hydrate research
programs to assess the potential use of gas hydrates as a
future energy resource (Fig. 3.7).

The physical and chemical properties of gas hydrates are
already quite well understood from a theoretical and labo-
ratorial perspective (Sloan 1998), and their formation and
recognition criteria have seen continuous developments over
the past decades (e.g., Shipley and Houston 1979; Ginsburg
and Soloviev 1998; Bünz et al. 2005; Westbrook et al.
2008). Nevertheless, certain technical challenges must be

Fig. 3.5 Model shows
interactive processes of cold seep
methane and carbon fluxes at
continental slopes (from Boetius
and Wenzhöfer 2013).
POC = Particulate Organic
Carbon; AOM = Anaerobic
Oxidation of Methane;
SMTZ = Sulfate-Methane
Transition Zone,
DIC = Dissolved Inorganic
Carbon; DOC = Dissolved
Organic Carbon
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addressed before gas hydrthe formates can be considered a
viable energy source. These include the geomechanical sta-
bility of the hydrate reservoirs, the production of sand and
water, the unknown changes in reservoir properties due to
production and the reformation of hydrates elsewhere in the
reservoir due to the endothermic nature of hydrate dissoci-
ation processes (e.g., Dallimore et al. 2008; Yamamoto et al.
2014). Whether a particular gas hydrate deposit has potential
as an energy resource largely depends on how the hydrate is
distributed within the sediment (Boswell and Collett 2011;
Johnson 2011).

3.3.5 Carbon Capture and Storage (CCS) in Gas
Hydrate Reservoirs

Solutions proposed to control global temperature increases
and slow climate change must include measures for

stopping the industrial release of CO2 into the atmosphere
(e.g., Ehlert and Zickfeld 2017; Masson-Delmotte et al.
2018). During the Industrial Age, the concentration of this
greenhouse gas increased from *280 ppm in the year
1750 to * 417 ppm in March 2021, with a continual rise
of *2.5 ppm per year between 2010 and 2020 (https://
www.esrl.noaa.gov/gmd/webdata/ccgg/trends/co2_data_
mlo_anngr.pdf). This poses nearly insurmountable chal-
lenges, as entirely avoiding fossil fuels and their subse-
quent CO2 emission is not yet feasible in 2021, or in the
near future. Most scenarios proposed by the Intergovern-
mental Panel on Climate Change (IPCC), therefore, include
the geological storage of CO2 (e.g., in saline aquifers or
depleted hydrocarbon reservoirs). While the storage of CO2

in geological formations does pose risks, such as the
potential leakage of the gas into the atmosphere, the capture
of CO2 in gas hydrates may circumvent this problem, as
CO2 hydrate is a solid with low mobility (Ohgaki et al.

Fig. 3.6 Seafloor images from
the Gulf of Mexico’s Tsanyao
Yang Knoll (MARUM
ROV QUEST Dive 361) (from
Sahling et al. 2016). The images
with a scale bar of 50 cm show
a Vestimentiferan tube worm
bushes, b rising gas bubbles
(arrow) and formation of hydrates
at adjacent walls, c surface
closeup from the same location
with rising bubbles. Gas hydrates
form below a layer of authigenic
carbonates featuring mytilids,
vestimentifera, gastropods and
shrimps on top (Note: scale bar
10 cm), d gas hydrate mound
(arrow) with closeups in e and
f. (Note: scale bar for f is 1 cm
with closeup of a porous hydrate
inhabited by ice worms/cf.
Hesiocaeca methanicola) (All
images courtesy of MARUM)
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1996). Since CO2-hydrates are more stable than
methane-hydrates, it should be possible to inject CO2 into
the seabed and capture it as a CO2-hydrate, while simul-
taneously producing methane from a methane-hydrate.
(e.g., Pandey and Sangwai 2020) (Fig. 3.8). While there
have been significant research efforts into this concept, it is
still unclear whether it is economically viable.

3.4 Evidence of Submarine Gas Hydrates

3.4.1 Geophysical Evidence

Gas hydrates have been identified in permafrost at high
latitudes, as well as in active and passive continental margins

Fig. 3.7 Countries active in gas hydrate development as a potential energy source (from Decourt et al. 2015; SBC Energy Institute). Note that
Fig. 3.2. lacks some sites offshore S Australia and Indonesia, which are indicated here

Fig. 3.8 Schematic diagram of
methane production from
hydrates in ocean and permafrost;
injection and replacement of
methane with CO2 (from
Jadhawar et al. 2021)
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at both high and low latitudes. Hydrate-bearing sedimentary
sections range in thickness from only a few centimeters to
tens of meters, depending on the geological, chemical and
physical parameters (You et al. 2019).

Geophysical surveys for gas hydrates along continental
margins are commonly achieved through a combination of
seismic and electromagnetic methods (see Riedel et al. 2010
and references therein). The identification and subsequent
mapping of gas hydrated-related BSRs often represent the
earliest evidence in detecting the presence of gas
hydrate-bearing sediment beneath the seabed (Kvenvolden
1993). The compressional wave (P-wave) velocity of pure
gas hydrates in laboratory measurements reaches 3.3–
3.8 km/s (Sloan and Koh 2008), which is high compared to
the velocity of unconsolidated sediment. Hydrates in pore
space should therefore increase the bulk velocity of the
sediment in comparison to sediment without hydrates. The
presence of free gas in sediment, however, has an even more
distinct effect by decreasing the P-wave velocity. The inte-
gration of data from the Deep Sea Drilling Program together
with seismic analyses have shown that the occurrence of a
BSR is mainly the result of free gas (Paull et al. 1996).
Therefore, it is difficult to estimate the number of hydrates
present by mapping the BSR alone. Moreover, seismic and
drilling data have shown that the absence of a BSR reflects
the absence of free gas below the GHSZ, but does not rule
out the presence of gas hydrates above it (Paull et al. 1996).
Because gas hydrate formation depends on the presence of
free gas, however, gas hydrate occurrence without a BSR is
probably quite rare; thus, the BSR remain a useful indicator

for the presence or absence of gas hydrates (Fig. 3.9). It
should be noted that BSRs can only be unequivocally
identified when they cross stratigraphic reflections, and are
difficult to identify in areas of horizontally stratified
sediment.

A more reliable method for the identification of gas
hydrates is, therefore, a detailed seismic velocity analysis.
This could be achieved through the full waveform inversion
of surface seismic data, for example (Singh et al. 1993;
Delescluse et al. 2011). Unusually high P-wave velocity
increases above the theoretical BGHSZ (Fig. 3.10a) may
reveal the presence of hydrates, even when no BSR is clearly
visible (Fig. 3.10b).

Even greater levels of certainty can be achieved using
3-component ocean bottom seismometers, as they not only
provide information on the P-wave velocities but also on the
S-wave velocities (Bünz et al. 2005). The ways in which
hydrates are distributed in the sediment (e.g., in pore space,
as grain coating or cementing hydrates) will also affect the
S-wave velocity (Chand et al. 2003). A drop in P-wave
velocity without a drop in S-wave velocity below the
BGHSZ is indicative of free gas. If the S-wave velocity
shows a continuous trend beginning high above the BGHSZ,
going down through the free gas zone and beyond, devia-
tions of P-wave velocity from a background trend in this
interval can be used to constrain hydrate saturation levels.

Perhaps one of the most sophisticated studies to constrain
hydrate saturation levels from seismic data used a 4 km long
multicomponent ocean bottom cable line (Fig. 3.11)
(Andreassen et al. 2003; Bünz and Mienert 2004). The

Fig. 3.9 Multichannel seismic
line offshore mid-Norway,
showing a BSR and the location
of the ocean bottom cable
(OBC) 4C line (from Bünz and
Mienert 2004). The bottom
simulating reflector (BSR) runs
parallel to the seabed at the
northern flank of the Storegga
Slide. The termination of high
amplitude anomalies as indicated
by arrows marks the base of the
gas hydrate stability zone
(BGHSZ). Vertical acoustic pipes
pierce through the BSR and reach
all the way to the seabed where
they connect to pockmarks,
indicating fluid flow through the
GHSZ (Bünz and Mienert 2004)
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observed BSR corresponds with a drop in P-wave velocity,
from 1700–1800 m/s above the BSR to <1500 m/s beneath
it. It can be easily identified in the reflection seismic profile
(Fig. 3.11), showing all the characteristics of a BSR (i.e.,

subparallel to the seabed, depth consistent with the predicted
BGHSZ, phase reversal).

The data collected through the ocean bottom cable
(OBC) demonstrates its potential in gas hydrate investigation

Fig. 3.10 a P-wave seismic
velocities from the full waveform
inversion of a 9 km long surface
towed streamer. LVZ means low
velocity zone. b Corresponding
seismic amplitude plot (after
Delescluse et al. 2011)

Fig. 3.11 a Seismic section with
geotechnical borehole location
integrated with color coded
P-wave velocities (from Bünz and
Mienert 2004). The BSR
correlates clearly with a velocity
inversion from *1800 to
1400 m/s. b Seismic section with
geotechnical borehole location,
overlain with hydrates, and the
gas saturation of pore space in
sediment calculated using the
rock physics model from
Helgerud et al. (1999)
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through the comparison of the P-P seismic section with the
P-S seismic section (Fig. 3.12). While a strong BSR is
observed on the P-P section, no BSR exists on the P-S
section, indicating that gas hydrate-bearing sediment does
not provide enough cementation of the sediment matrix for
the shear modulus to increase. While both gas concentration
levels beneath the BSR and hydrate concentration levels
above it vary, they are still generally low (<2%) (Andreassen
et al. 2003).

3.4.2 Quantifying Hydrates Through Chemical
Measurements of Cores

The DSDP, ODP and IODP recoveries of sediment cores
from gas hydrated sediment in continental margins have
provided needed insights into the geological controlling
factors (i.e., porewater, temperature, gas composition, grain
sizes) for the growth and decay of natural gas hydrates (e.g.,
Ginsburg and Soloviev 1998). Since hydrates begin to
decompose as soon as a sediment core leaves its in-situ
pressure stability field at sub seabed depth, it is difficult to
measure gas hydrate amounts from recovered cores. This
obvious problem led to several technological developments,
including logging while drilling (LWD) (Saito and Goldberg
1997), the measurement of indirect chemical effects such as

pore water freshening, the scanning of cores with infrared
immediately upon retrieval (e.g., Long et al. 2010) and
pressure core samplers (PCS) that maintain the sample at
in situ pressure (Holland et al. 2008).

The process of hydrate formation affects the pore water
geochemistry in two ways (Ussler and Paull 1995): (1) pos-
itive chlorinity anomalies exist in hydrate-bearing sediment
(e.g., Tomaru et al. 2006), but melting hydrates release fresh
water, causes a freshening of the pore water, and (2) water
molecules containing heavier oxygen and hydrogen isotopes
are preferentially incorporated into the hydrate molecules.

Porewater freshening as a proxy of decomposed gas
hydrates in core sediment was first proposed after the drilling
of ODP Leg 112 (Kvenvolden and Kastner 1990) and later
confirmed in ODP Leg 146 (Westbrook et al. 1994; Kastner
et al. 1995). As expected, intervals with low chlorinity levels
were also found to contain excess concentrations of head-
space methane released by decomposing hydrates. The cal-
culation of original hydrate concentration levels based on
pore water freshening typically assumes a chlorinity anom-
aly identified with respect to a reference value of sea water
chlorinity. Egeberg and Dickens (1999) modelled the most
likely reference chlorinity profile expected in a sedimentary
sequence, taking into account (a) the position of the
sulfate-methane transition zone, (b) the molecular diffusion
of ions excluded during the process of hydrate formation,

Fig. 3.12 A P-P section of the
OBC line shows a clear BSR
(marked by a red line) while B the
P-S does not. The P-S section
may indicate a lack of increase in
sediment shear strength due to a
lack of hydrate cementing.
A seismic unconformity is clearly
visible in the P-S section (from
Andreassen et al. 2003)
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(c) the processes of hydrate dissociation at the base of the
stability zone, and (d) the glacial-interglacial bottom water
salinity fluctuations.

Negative thermal anomalies in sediment cores, measured
directly and immediately with thermometers inserted
through the core barrel after recovery, have qualitatively
suggested the ongoing melting of hydrates (e.g., Westbrook
et al. 1994). This is because the decomposition of hydrates,
which also causes the freshening of pore water, is
endothermic (Sloan and Koh 2008). The technique has been
improved with the use of infrared thermal imaging (ODP
Leg 204 and beyond), where the calibration of temperature
anomalies in hydrate-bearing, sand-rich layers was estab-
lished by Weinberger et al. (2005) and Long et al. (2010).

The enrichment of heavy isotopes (18O and D) in pore
water collected from gas hydrate–bearing sediment has
provided information on the abundance of hydrates and their
mechanisms of formation in the Oregon margin (Tomaru
et al. 2006). Isotopic anomalies must be calculated against a
reference curve normally obtained from a gas hydrate free
site in the vicinity. Hydrate melting should influence pore
water such that it becomes less saline and the oxygen
becomes isotopically heavier. The influence of gas hydrate
formation and decomposition on the oxygen isotopic com-
position of interstitial water should be considered in the
interpretation of the isotopic composition of benthic for-
aminifers living in gas hydrate-bearing sediment and in
methane-derived authigenic carbonates (Dessandier et al.
2020).

3.4.3 Borehole Logging

Wireline downhole logging (DHL) and logging while dril-
ling (LWD) in boreholes to identify permafrost or
hydrate-bearing layers are similar in many respects (e.g.,
Ruppel et al. 2016). These indirect methods allow for the
measurement of in-situ conditions of the geophysical and
geochemical properties of surrounding formations (Goldberg
and Saito 1998). If gas hydrates are present, there may be an
increase in electrical resistivity, a decrease in density, a
decrease in temperature and an increase in both compres-
sional wave and shear wave velocities relative to the
expected background values for these parameters. Marked
increases in shear wave velocity with increasing hydrate
concentration levels, for example, have been measured in the
Mallik well of the Mackenzie Delta in Canada (e.g., Collett
et al. 1999).

Downhole logging demonstrated as early as DSDP LEG
84 that sonic, density, resistivity, neutron porosity and
gamma ray well log data enabled the identification of
hydrate-rich layers (Mathews and von Huene 1985), with

detection reliability decreasing in silty-clayey layers featur-
ing minor amounts of hydrate.

Downhole logs, unlike cores, provide in-situ measure-
ments that assist in identifying both the location and amount
of gas hydrates in the subsurface by assessing their natural
state. It allows a more accurate assessment of the volumes of
gas hydrates and free gas within the host sediment (e.g.,
Collett 1993; Goldberg et al. 2000, 2010; Helgerud et al.
2000). In general, the two most difficult reservoir parameters
to determine on ship-board cores are porosity and the levels
of gas hydrate saturation. Downhole log evaluation uses
techniques developed by the hydrocarbon industry to
quantify these difficult reservoir parameters, including
resistivity, density, neutron porosity and sonic logs (e.g.,
Goldberg et al. 2010). Some applications use a comparison
of porosity measurements taken through different techniques
for the quantification of gas hydrates (Fig. 3.13).

While wireline logging measurements can be made in
more rigid permafrost, continental margin sedimentary
environments often comprise unconsolidated sediment in the
upper 100 m below sea floor (mbsf), creating an unstable
hole that makes logging impossible. Logging While Drilling
(LWD) overcomes this limitation, however, allowing
researchers to log over the entire section of the gas hydrate
stability zone. LWD was first used in offshore gas hydrate
research during the initial phase of ODP Leg 204 to provide
a ‘road map’ in guiding the subsequent coring strategy
(Tréhu et al. 2004b, 2006; Riedel et al. 2010). The advanced
application of geophysical logs in boreholes provides one of
the few ways to gain insight into the natural (i.e., in-situ)
hydrate environment with high (<0.1 m) resolution data, for
which this atlas provides several examples.

3.5 Gas Hydrates in the Solar System:
Applying Lessons from Earth

Is it possible that gas hydrates exist on other planetary
bodies such as Mars, the icy moons of Jupiter or comets?
Based on the known requirements of Earth, it takes water,
gas, low temperature and high pressure for hydrates to form
(e.g., Sloan 1998). There is geomorphological evidence that
an ocean existed on Mars around *4 Ga (Clifford and
Parker 2001), along with channels and lakes such as the
Jezero crater, where the rover Perseverance landed in 2021
(Fig. 3.14). Carbonates have also been found along the inner
rim of the Jezero crater (black circle) (Fig. 3.14), formed
more than 3.5 billion years ago (Horgan et al. 2020). On
Earth, carbonate rock builders can be either abiogenic (e.g.,
through the serpentization of mafic rocks; McDermott et al.
2015) or biogenic (e.g., through the shells of corals and other
shellfish, or by microbial life activity; e.g., Zhu and Dittrich
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2016). NASA has therefore focused its astrobiology studies
on these crater regions to determine whether microbial life
existed in the former oceans of Mars. Regardless, the pres-
ence of carbonates implies that at least methane was present
on Mars some time in its history, and trace amounts are still
observed today (Formisano et al. 2004).

Although Mars has become drier as the ocean slowly
vanished around *3 Ga (e.g., Carr and Head 2003; Scheller
et al. 2021), some water has still remained in the form of
polar ice (Bibring et al. 2004) (Fig. 3.15a) and the
ephemeral Recurrent Slope Linae (RSL), which potentially
originated from the seasonal melting of brines on the crater
walls (e.g., McEwen et al. 2011). Indeed, the water partici-
pating in the hydrological cycle of ancient Mars was lost in
space through photo dissociation, stored as subsurface per-
mafrost and in polar caps, and sequestered by crustal
hydration (e.g., Scheller et al. 2021).

The ice masses of the polar caps are largely made of
frozen water and CO2, which sublimate and freeze between

the summer and winter seasons of Mars (Hvidberg et al.
2012). Winter temperatures near the poles can drop to
−125 °C, then increase over the summer months (https://
mars.nasa.gov/all-about-mars/facts/). The radar image in
Fig. 3.15b shows a cross-section of the north polar ice cap
on Mars (NASA Mars Reconnaissance Orbiter's Shallow
Radar (SHARAD)), featuring layers that indicate an internal
ice structure, similar to the ice caps of Earth (e.g., Milkovich
and Plaut 2020; Christian et al. 2013). This reflects the cli-
mate variability on Mars (e.g., Hvidberg et al. 2012; Becerra
et al. 2016; Becerra et al. 2017).

Understanding seasonal changes in gas composition and
concentrations in the atmosphere on planetary objects
directly above land surfKalousavaaces such as craters
(Fig. 3.16) or polar ice caps (Fig. 3.15) may help in deci-
phering the cause of seasonal swings. For example, the CO2

concentrations of Mars decrease when CO2 gas freezes over
the poles or in craters in the winter, then increase when
the CO2 evaporates in the spring and summer (Fig. 3.16).

Fig. 3.13 Downhole logging profiles (from Boswell et al. 2012) from gas hydrate drilling in the Gulf of Mexico (2009) show clear increases in
resistivity and P-wave velocity in gas hydrate bearing sands
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The existence of water and gas are obviously relevant for
the existence of hydrates on Mars, in addition to the low
temperature and abundance of CO2, which is the dominant
gas both in the atmosphere and in the polar ice caps. Even in
the shallow subsurface, CO2-dominated clathrates (including
methane and noble gases) could be stable over some portions
of the Martian seasonal cycle (see e.g., Chastain and
Chevrier 2007; Mousis et al. 2013). Measurements reveal,
for example, CH4 and water vapor maxima above the north

polar cap of Mars during springtime sublimation (Geminale
et al. 2011).

Clathrate stability zone conditions are certainly met
within the Martian subsurface cryosphere (Clifford et al.
2010; Mousis et al. 2013). The formation of seeps, pock-
marks and mud volcanoes are potential indicators of
methane hydrate dissociation on Earth, and similar phe-
nomena are also possible on Mars (e.g., Skinner and Mazzini
2009; Komatsu et al. 2011; Oehler and Allen 2010).
Although no activity has yet been observed, a fractal anal-
ysis of the fracture system underlying the thumb-print ter-
rains of the Arcadia Planitia have shown a source region at
the base of the Amazonian gas hydrated cryosphere (De
Toffoli et al. 2019).

Methane is occasionally released into the atmosphere of
Mars (e.g., Formisano et al. 2004; Mumma et al. 2009;
Geminale et al. 2011; Webster et al. 2015; Giuranna et al.
2019). Although one of the most likely sources of methane
on Mars is hydrate destabilization, researchers cannot cur-
rently determine whether its origin is biological or geologi-
cal (e.g., magmatic exhalations and serpentinization)
(Onstott et al. 2006; Etiope et al. 2011; Etiope and Oehler
2019). More sophisticated analytical methods are needed to
definitively determine the source and origin of methane
and/or oxygen. Laser spectroscopy methods developed for
the oceans of Earth (Jansson et al. 2019) could be a possi-
bility in quantify methane sources on Mars, in its ice caps
and on other planetary bodies.

Other clathrate-forming bodies featuring low tempera-
tures (<−100 °C) may also exist elsewhere in the Solar
System, including the icy moons of Jupiter and Saturn (Sohl
et al. 2010). Indeed, clathrates in the larger moons of
Europa, Ganymede, Callisto, Titan, Triton and Enceladus are
stable within the lower icy crust and the subsurface ocean.
These clathrates may segregate in the ocean based on CH4

content; high levels of CH4 would cause them to float up to
the icy crust/liquid ocean boundary, while low CH4 content
could cause them to sink, forming a layer at the bottom of
the ocean (Sohl et al. 2010; Bouquet et al. 2015). Further-
more, a clathrate layer that caps and insulates a subsurface
ocean may act as a thermal insulator, helping to preserve
subsurface liquid water and brines on both icy satellites (e.g.,
Kalousava and Sotin 2020) and larger-sized Kuiper belt
objects such as Pluto (Kamata et al. 2019). Enceladus, one of
Saturn’s moons, even shows evidence of methane plume
activity (Fig. 3.17) emanating at the south pole (Porco et al.
2006), which is most likely generated by clathrate decom-
position triggered by hydrothermal activity (Kieffer et al.
2006; Bouquet et al. 2015). Whether the methane trapped
within clathrates on icy bodies is derived from biogenic or
abiogenic chemical processes remains unclear, and this is
one of the main motivations for past (e.g., NASA-Dawn;
ESA-Cassini), planned (e.g., NASA-Europa-Clipper; ESA-

Fig. 3.14 a Image of the Jezero Crater on Mars (landing site 2021 for
NASA's Mars 2020 mission), showing channelized depressions indi-
cating former outflows through gaps in the rim of the crater (credit:
NASA/JPL-Caltech/MSSS/JHU-APL/ESA). Authigenic carbonates
were discovered at the landing site (black circle). b Detailed image
of the landing site, showing a delta-like outflow region connected to a
channelized depression with false colors to highlight morphology and
c correct colours. A round impact crater also exist elsewhereis visible in
the delta
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JUICE) and proposed (e.g., NASA-Dragonfly) missions to
the icy bodies of the outer Solar System.

Clathrates have been even detected on the comas of
long-period comets (e.g., Bockelée-Morvan et al. 2004;
Luspay-Kuti et al. 2015) sourced from the Oort cloud, which
are indeed derived from the primordial trapping of the
amorphous ice created in the protosolar nebula at tempera-
tures under 80–90°K (Schmitt et al. 1989; Rubin et al. 2015;
Davidsson et al. 2016). The gas is eventually released
through solar heating as the comet approaches the sun.

Exploration on Earth suggests that large amounts of
methane are trapped within gas hydrates in sediment along
continental margins and in permafrost, while exploration on
Mars and other icy satellites suggests the existence of both
CO2 clathrates and CH4 clathrates under low temperatures.
Spectroscopic studies of gas and ice giants may suggest the
existence of hydrates on these bodies as well. The effects of
seasonal and long-term temperature variations on methane
seepage activity remain an important area for research in the
Earth’s ocean and permafrost regions, particularly for
assessing climate-hydrate interactions and microbial feed-
back mechanisms. Research in the Arctic has demonstrated
that cold seeps trap and store more methane in the cold
seasons, which is then released in the summer months (Ferré
et al. 2020). Such seasonal ‘clathrate guns’ may exist on
Mars, the moons of Jupiter and other icy bodies. Our
understanding of Earth’s carbon storage and release system
may guide future generations of space explorers in searching
for microbial life, clathrates and water resources elsewhere
in the Solar System and beyond.

3.6 Summary

The gas hydrates of Earth are found in the uppermost several
hundred meters below the seafloor in continental margins
and below Arctic permafrost regions, in areas where enough
organic matter exits for biogenic gas production to saturate
the pore water with methane. This results in enough free gas

Fig. 3.15 a The northern polar ice cap of Mars is *1000 km (621
miles) across. There are deep troughs within the ice cap that appear as
dark, spiral-shaped bands. A *2 km deep canyon almost separates the
ice cap. (credit: ESA/DLR/FU Berlin/J. Cowart, CC BY-SA 3.0 IGO).
b Radar profile shows the internal ice structure of the northern polar ice

cap, with different layers at a southern profile. The profile is *2 km
(*1.2 miles) thick and *250 km (*155 miles) across. The individual
layers help to reconstruct the paleo surfaces of the ice sheet (credit:
NASA/JPL-Caltech/ASI/UT)

Fig. 3.16 CO2 trapped in solid form in a crater on Mars (credit:
NASA)
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for hydrates to form in the subsurface, where temperatures
are cold and the pressure is high. Apart from these necessary
conditions, the stability of gas hydrates also depends on gas
and pore water composition, with higher-order gases
increasing the hydrate stability field. While gas hydrate
reservoirs on Earth contain mainly methane, the exploration
of Mars and other icy satellites such as Jupiter and Saturn
suggest the existence of both CO2 clathrates and CH4

clathrates at low temperatures. Natural gas hydrates contain
one of the largest known carbon reservoirs on Earth, and
possibly in outer space.

To identify the distribution areas of gas hydrates on
Earth, geophysical surveys and drilling operations were
conducted along continental margins and in permafrost
regions. This led to the conclusion that gas hydrates are
widespread on both active and passive margins.

Our ability to utilize natural gas hydrate systems as
potential energy resources and/or carbon sinks within the
next decade depends on our success in evaluating the
environmental risks associated with global clean energy
developments and the sequestration of CO2.

The assessment of global warming and other environ-
mental change scenarios associated with the Industrial Age
and its impact on methane hydrates remains a critical com-
ponent in methane hydrate research. Key focus areas
include: (a) the assessment of the future stability of gas
hydrates within the sedimentary environments that host
hydrates, (b) identifying the amount of methane released

from gas hydrates into the ocean and atmosphere, and (c) the
impact of methane hydrate dissociation on ocean life.

Greater knowledge and insights into ice sheet melting and
methane resource responses are needed, including the
quantification of fresh water trapped in the hydrates of Earth
and other planetary bodies. This increasing knowledge of
water resources on other planets, gas hydrates on Earth, and
clathrates and microbial life in outer space may help to
constrain the history of the oceans in our planetary system.
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