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ABSTRACT
We report the results of exploratory measurements on the plastic yield strength of fully dense
methane hydrate + quartz sand aggregates, and CO2 hydrate + quartz sand aggregates, at
conditions relevant to hydrate-bearing environments on Earth. We compare these results to
those measured previously on pure end-member gas hydrates (sI methane hydrate, sI CO2

hydrate, and sII methane-ethane hydrate) as well as to pure water ice and to ice + sand aggregate
mixtures.  All gas hydrates we have tested to date are exceptionally strong relative to ice, and
hence may serve to increase the strength and cohesion of hydrate-bearing sediments
significantly more than previously predicted. Lastly, we use cryogenic scanning electron
microscopy (SEM) imaging techniques to examine the phase distribution, grain morphology,
grain contacts, and textural evolution within the samples.

Keywords: gas hydrate rheology, flow strength, scanning electron microscopy

INTRODUCTION AND BACKGROUND

A number of factors govern the response of
natural gas-hydrate-bearing formations to
gravitational, tectonic, and/or man-made forces,
including the mechanical strength and rheology of
hydrate, the hydrate concentration and geometric
distribution of the phases present, and the
cohesion and frictional resistance between grains.
Hydrate concentrations may be as low as 1-2 vol.
% in marine sediments [1], or as high as several
tens of percent in permafrost regions [2]. In
deposits where hydrate is located structurally
between sediment grains or as cement around
contacting grains, grain-to-grain cohesion and
frictional resistance, from which unconsolidated
soft sediments derive their strength [3], can be
affected. Even at low concentrations, intergranular
hydrate may thus influence formation strength
depending on  its articulation within  the  sediment
_ __ __ __ _ __ __ _ __ __ __ _ __ __ _ __ __ __ _ __ __ _ __ __ __ _ __ __ _ __ __ __ _ __ __ _ _

Corresponding author. E-mail: lstern@usgs.gov

host. At higher concentrations, we may expect  a
for mation –stren gtheni ng eff ect fr om por e-fill ing ga s
hyd rate by ana logy to str ength enhanc ement in fro zen
soi ls [4]  or fr om gen eral t heory and ex perime nt wit h
rhe ologie s of a ggrega te mix tures [5, 6] .

Gas hydrate decomposition may also affect
formation strength. For example, decomposition is
endothermic, and at temperatures above 0°C is
rate-controlled by heat flow [7, 8]. Where hydrate
exists near the limit of its stability, even small
increases in temperature may destabilize it. Not
only are any strengthening effects of the hydrate
then lost due to loss of material and cohesion, but
this weakening effect is in addition to the pore-
pressure effect of gas release. These many
properties and effects, in addition to those
i nt ro du c ed  b y  t he  e n vi ro n me nt al  po re  pr es su r e
c on di ti o ns , p la ce  s e ve re  li mi ts  on  t h e co nd i ti on s 
u nd er  wh ic h g as  h yd r at es  ma y be  st ab l e in  n a tu re .



Volumetric proportions and arrangements of
the hydrate phase relative to the sediment matrix
in natural formations are often poorly known,
however, due to the difficulties in determining the
in situ location and distribution of phases in
partially decomposed material retrieved as drill
core.  Until recently, evaluating the effects of
hydrocarbon hydrates on sediment properties was
further complicated because many of the
fundamental physical properties had not been
directly measured on pure end-member gas
hydrates, and particularly methane hydrate,
thought to be the principal hydrocarbon in natural
hydrates.  Ordinary water ice and gas hydrates
share similarities in the nature of the hydrogen-
bonding forming the framework of their open
structures, and many of the material properties of
ice have thus commonly been used in lieu of
direct measurements on hydrocarbon hydrates.
This assumption seems reasonable at first glance,
given that gas hydrates are approximately 85 mol
% water even with all cages occupied [9] and
given the close similarity in water molecule
hydrogen-bond lengths  (~ 1% larger in gas
hydrates than ice) and oxygen-bond angles (~ 3.5°
larger in hydrates than ice).

In the case of mechanical properties,
however, this assumption is now known to be
wrong. Several lines of experimental evidence
reveal that end-member clathrate hydrates tested
to date are in fact exceptionally strong relative to
ice, and hence may serve to increase the strength
and cohesion of hydrate/sediment formations
more than previously expected.  (1) Hydrostatic
and uniaxial compaction experiments on pure,
gas-saturated porous hydrate indicate that
effective pressures approaching 100 MPa are
required to fully compact sI methane hydrate and
sII methane-ethane hydrate [10-14], even at
temperatures well above the ice melting line
where the mobility of water molecules should be
very high. This compares with the easy
compaction of granular ice at pressures of only
several tens of MPa at –5°C [13, 14]. This
difference cannot be explained by the minimal
pore pressure required to keep gas hydrate stable
during compaction.  (2) Triaxial compression tests
indicate that sI methane hydrate, sI CO2 hydrate,
and sII methane-ethane hydrate all have ductile
flow strengths that are 20 to upward of 100 times
stronger than ice under the same conditions [10-
12].  (3) Porous hydrates, compacted hydrates,
and  hydrate / sand  aggregates  synthesized  in  our

l a b o r a t o r y  a r e  f o u n d  t o  b e  s i g n i f i c a n t l y  mo r e 
cohesive and durable than comparable granular ice,
c o m p a c t e d  i c e ,  a n d  i c e / s a n d  a g g r e g a t e s .  T h i s 
observation is also consistent with experience in
drill coring of hydrate/sand intervals compared
with ice/sand intervals. These findings also suggest
that the effects of gas hydrate in increasing the
strength of sediments is considerably larger than
the effects of ice in permafrost. Su ch  st ren gt hen ing 
wo ul d t hen  b e l ost  d uri ng th ermal de compos it ion ,
an d it is impor tan t to not e tha t t hi s weak en ing  is  i n
ad di tio n t o a p ote nt ial ly la rge  po re -pr ess ur e e ffe ct  of 
ga s rel eas e.

Here, we report the results of recent
exploratory measurements of the plastic yield
strength of fully dense samples of methane hydrate
+ quartz sand and CO2 hydrate + sand, at
conditions relevant to hydrate-bearing environ-
ments on Earth.  Synthesis, compaction, and
rheological testing methods have been developed
and reported previously by our group [10, 15-17]
and are only briefly reviewed here.  We compare
the strength of the hydrate/aggregate mixtures to
those measured previously on pure end-member
gas hydrates [10-12], ice [18], and ice + quartz
sand aggregates [19].  Lastly, we use cryogenic
scanning electron microscopy (SEM) imaging
t e c h n i q u e s  t o  e x a m i n e  t h e  p h a s e  d i s t r i b u t i o n , 
g r a i n  m o r p h o l o g i e s ,  g r a i n  c o n t a c t s ,  a n d 
m i c r o s t r u c t u r a l  development within the samples.
Such textural information not only aids in the
interpretation of the experimental results, but also
helps relate the measurements to previously
reported observations and/or to rock-physics
models of hydrate-bearing sediment assemblages.

EXPERIMENTAL METHODS

Sample synthesis . Samples of pure,
polycrystalline gas hydrates, including sI methane
hydrate, sI CO2 hydrate, and sII methane-ethane
hydrate, were synthesized by warming granulated
(~ 200 µm) ice under static conditions in an
atmosphere pressurized by the hydrate-forming gas
or liquid of interest (see [15-17] for further details).
Full reaction of 30 g of ice to hydrate in each of
these cases typically can be completed within 10 to
20 hours at high temperature (T) and high pressure
(P) conditions deep within the stability field of the
appropriate hydrate. Complete reaction is
confirmed by the absence of a P-T discontinuity
when samples are subsequently cooled to T below
the  ice  melting  line  (Fig.  3  in  [16]).    X-ray  and



neutron diffraction were also used to verify
sample p u r i t y  ( F i g .  3 A  i n  [ 1 7 ]  f o r  e x a m p l e )  a n d 
stoichiometry was measured using a custom flow
meter and gas collection apparatus [20].
Compositions of final “as-grown” materials, are:
CH4·5.89 H2O for methane hydrate, CO2·5.8H2O
f o r  C O2 hydrate,  and (0.82CH4+0.18C2H6)·
5.67H2O for sII methane-ethane hydrate formed
from a source gas of composition 0.91:0.09
methane:ethane.

Synthesis of hydrate/sediment aggregates
involved simple pre-mixing of sediment particles
with the granular ice in the reaction vessel prior to
admitting hydrate-forming gas. Minimal
migration of either H2O or sediment grains
accompanies reaction, allowing fabrication of
homogeneous samples with pre-selected mixing
or layering sequences (shown in Fig. 4 in [16]).
Alternatively, sediment can be mixed with pure
hydrate grains inside a supporting soft-metal
container, and then hydrostatically pressurized to
a dense, mechanically competent material.  For all
samples here in which sand was added, we used
standard quartz sand (Oklahoma #1, 125 ± 50µm).
Synthesis of polycrystalline ice samples and ice/
sand aggregates is described in [19].

Mechanical testing.  For compaction and
rheological testing of gas hydrates and/or ice, we
used a triaxial gas apparatus and standard rock
mechanics methods, including encapsulated
samples sealed against gas entry, and elevated
confining pressures to suppress macroscopic
fracture [10]. The apparatus is a 0.6 GPa gas
deformation apparatus outfitted for cryogenic use.
N2 or He gas provides the external confining
medium, and the pressurized loading column
consists of a vented internal force gauge, the
jacketed sample, and a moving piston that
compresses the sample axially. A pore pressure
line communicates gas pressure to the sample and
ensures maintenance of the hydrate within its
equilibrium stability field throughout testing.
Samples were tested at confining pressures of 50
and 100 MPa, pore pressures of 1.6 to 15 MPa
(depending on hydrate composition), temperatures
ranging 260 ≤ T  ≤ 287 K, and differential stresses
of 5.7 ≤ σ  ≤ 51.7 MPa (Fig. 1). Following testing,
samples were cooled slowly under pressure to T
below 150 K, then further cooled, depressurized,
and stored in LN for subsequent imaging by SEM.

SEM procedures.  Samples were prepared
f o r   S E M   i m a g i n g    b y    p r o c e d u r e s    d i s c u s s e d 

Figure 1.  Temperature-pressure conditions during
compaction and deformation testing of methane
hydrate (m.h.) samples. CH4 pore pressure is kept
on samples to maintain them within their nominal
equilibrium stability field, while external
confining pressure is incrementally stepped to 100
MPa.  Final compaction is performed at T > 273 K
to melt and eliminate any ice that may be
produced in samples during handling, jacketing, or
cold compaction procedures.

previously [21] and reviewed elsewhere i n  this
volume [22].  Briefly, small sections of samples
were cleaved under liquid nitrogen from the bulk
samples, transferred to a sample stage within an
e v a c u a t e d  a n d  p r e - c h i l l e d  ( T < 1 0 0   K )  c r y o - 
preparation station (Gatan Alto Model 2100), which
in turn attaches to the sample chamber of our LEO
982 field emission SEM. Sample sections were
again cleaved under vacuum at T<100K, transferred
directly to the SEM column, and imaged at
T<100K, at 1-2kV, under vacuum below 10-5 mbar.

RESULTS AND DISCUSSION

Sample textures and grain morphology.
Figure 2 shows some examples of textural
progression and grain structure evolution
accompanying gas hydrate formation from granular
ice under high-pressure high-temperature
c o n d i t i o n s ,  a n d  t h e  p r o n o u n c e d  c h a n g e s 
resulting from compaction and deformation  testing.
We reported previously [21] on the surprising
finding that methane hydrate initially develops as a
highly mesoporous material that  nucleates at
exposed ice surfaces, forming sharply defined
boundaries with the dense ice reactant (Figs. 3 and
4 in  [22] this volume; see  also  [23-26]).   The early-



Figure 2.  Textural progression of samples, starting as densely crystalline “as grown” gas hydrate to the
massive and fine grained material observed after compaction and rheological testing. Image A shows the
highly crystalline appearance of methane hydrate (“as grown”), after reaction from ice + gas at elevated
pressures and temperatures. Images B and B1 (inset) show CO2 hydrate exhibiting similar development of
fully formed hydrate grains lining exposed pore or cavity walls (see text for further discussion.).  Image C
shows the massive appearance of fully compacted pure methane hydrate, and D shows compacted pure
CO2 hydrate. Photos E, F , and F1 show various magnification images of a 50/50 by volume methane
hydrate + quartz sample after compaction and rheological testing. In F1, methane hydrate and quartz are
labeled “mh” and “qtz” respectively. This image shows that the hydrate retains its material density as
seen in A, B, and B1, yet individual grain boundaries within the hydrate are difficult to discern.



Figure 3. A and B:  Manifestations of the exceptional
strength contrast between pure methane hydrate and
pure water ice. A shows stress-strain curves for samples
of pure methane hydrate vs. ice, each tested at 260 K
with confining pressure 100 MPa, at strain rate of
3.5x10-6 s-1.  Under these conditions, methane hydrate is
roughly 30 times stronger than ice, and this strength
contrast continues to increase with decreasing
temperature (Fig. 4). The extrapolated steady-state stress
for samples of methane hydrate + 50 vol. % quartz sand
(sample shown in Fig. 2E and F), and for ice + 56 vol.
% quartz sand are also shown for comparison.  The
mixed-phase aggregates were tested at conditions just
above and below 260 K, hence the extrapolation.   B:
Indium-jacketed composite sample of ice (top) and
methane hydrate (“MH”, bottom) after deformation. The
sample was a near-perfect cylinder prior to testing. The
post-test appearance of the sample shows that virtually
all the sample strain is accommodated in the (weaker)
ice phase. Fig. 3A is modified from figures discussed in
greater detail in [10, 11].  C: Creep of CO2 hydrate vs.
CO2 hydrate + quartz sand under nearly matching
experimental conditions. Every 3rd data point is plotted.
Creep is defined as deformation under conditions of
constant stress; in contrast, the data in A were measured
under conditions of constant imposed strain rate. At
steady-state, the two measurement methods are
equivalent. The pure material flows approximately one
order of magnitude faster than the 50:50 sand mixture.

formed hydrate then continues to develop as  thick-
walled,  spherical-to-irregular shaped shell-like
structures that presumably mark the locations of
original ice grains ([21]; see also Fig. 5 in [22]).
Some ice melting and formation of hydrate from the
liquid phase occurs concurrently, the proportion of
which can vary depending on formation conditions.
Progressive annealing then accompanies late-stage
reaction at peak P-T conditions, typically producing
dense, well-crystallized material that exhibits little
to no mesoporosity (Fig. 2A, B; see also [22]).

The final “as-grown” sI and sII gas hydrates
typically display fully formed cubic crystals, some
with facets lining open cavities.  Representative
images of methane and CO2 hydrate are shown in
Figure 2 A and B.  Intergranular porosity in final
samples is typically 30%, and shows far more
complex geometrical shapes and connectivity than
the relatively simple pore geometry between the
original near-spherical ice grains [21, 22]. The
volumetric increase of the  H2O  structure, local
recrystallization, and associated rearrangement of
the H2O phase contributes to the substantial
changes in pore geometry during the conversion of
ice (± liquid water) to hydrate [21, 22].

The crystalline state developed within the as-
grown porous samples is lost during compaction
and/or deformation procedures, giving the fully
dense material a massive appearance  in  which
hydrate grain outlines are difficult to identify (Fig.
2C  and  D).   In the fully dense hydrate/sediment
aggregates, the hydrate phase forms a strong cement
between sediment grains. When the proportion of
hydrate is relatively high, such as in the 50:50 by
volume hydrate:quartz sample shown in Figure 2 E
and F, the hydrate forms a dense, load-bearing
matrix that often encloses each sand grain. Higher
magnification (Fig. 2 F1) shows that the hydrate
retains its material density and is not mesoporous,
yet hydrate-to-h yd ra te  gr ai n  b ou nd a ri es  ar e vi r tu al l y
i mp os si b le  t o  r es ol v e (c o mp ar e Fig . 2  F1 to  B1 ).

Rheological comparisons of gas hydrates,
ice, and sediment mixtures. The exceptional
strength contrast between pure gas hydrate or gas
hydrate-bearing sediment, compared with pure
water ice or with ice + sand mixtures, is shown in
Figures 3 and 4.  The strength contrast between
methane hydrate and ice is shown both
quantitatively and qualitatively in Fig. 3A,B and
direct comparisons of the strength of CO2 hydrate
and  CO2 hydrate + quartz  � are  shown   in  Fig.  3C.



Figure 4.  Comparison of ductile flow behavior, plotted as log σ vs. 1/T, of methane hydrate + quartz
sand mixed aggregate (50/50 vol. %) and CO2 hydrate + quartz sand (~ 50/50 vol. %), in relation to pure
sI methane hydrate (data from [10] and [11]), sI CO2 hydrate [12], sII methane-ethane hydrate [12],
pure water ice [18] and comparable ice + quartz sand mixtures [19] made with the same quartz sand
standard as that used in the methane hydrate or CO2 hydrate + sand tests.  Strain rates for end-member
materials shown here range 3.5 x 10-6s-1 to 3.5 x 10-8s-1, and mixed-phase aggregates are shown at 3.5 x
10-6s-1.  Confining pressure for all gas hydrate tests was 50 MPa.  These results illustrate that not only
are gas hydrates substantially stronger than water ice, but measurable differences in strength are
apparent between the different structures of hydrate (sI methane hydrate vs. sII methane-ethane hydrate)
as well as between different compositions of the same structure (sI methane vs. sI CO2 hydrate).
Adding a secondary hard phase has additional strengthening effects, as discussed in the text.
_________________________________________________________________________________

The stress-strain curves shown in Fig. 3A
measured on pure methane hydrate samples and
pure H2O ice at 260 K, show that at strain rate of
3.5x10-6 s-1, methane hydrate is roughly 30 times
stronger than ice. This strength contrast then
continues to increase with decreasing  temperature
(Figure 4).  The extrapolated steady-state stress for
samples of methane hydrate + 50 vol. % quartz
sand (sample shown in Fig. 2E and F), and for ice
+ 56 vol. % quartz sand (using the same quartz
sand standard) are also shown in Figure 3A for
comparison to pure methane hydrate and pure ice,
for simple comparisons of stress vs. strain.

Other notable results are shown in Figure 4,
including the very high plastic flow strength of all
gas-hydrate-bearing materials we have measured
to-date, compared to water ice.  At 263 K and
strain rate 3 . 5  x  1 0 - 6 s  – 1 ,   f o r  e x a m p l e ,  t h e 
s t e a d y - s t a t e  s t r e s s  supported by polycrystalline
water ice is only about 1.5 MPa, compared with ~
10 MPa for CO2 hydrate, ~ 38 MPa for methane
hydrate, and close to 100 MPa (extrapolated) for
sII methane-ethane hydrate.

Figure 4 also shows that adding a nearly
homogeneous distribution of � ~ 50 vol. % quartz  to



either methane hydrate or CO2 hydrate serves to
increase the strength by about a factor of two with
respect to the pure hydrate.  This effect appears to
be roughly comparable, although somewhat less
pronounced, than the effect of adding the same
quartz sand standard to pure ice.  As shown in
Figure 4, the addition of 30 vol.% quartz sand to
ice results in about a 2.5 to 3x strength increase,
and the addition of 56% quartz sand nearly
doubles this strength increase. Fu rt h e r  t e s t in g  is 
n e ed e d  to  d e te r min e  whe t h e r t h e  a d d i ti o n  o f 
p a rt i c u la t e s  t o  ga s  h yd r a t es  a l so  h a s a  si mi l ar 
“ t ou g h e ni n g ”  o r  ot h e r  wo r k -h a r d en i n g  e f f ec t  a s
t h at  e x hi b i t ed  b y i c e /s e d i me n t  mi x t u re s  [1 9 ] .

Lastly, Figure 4 illustrates that while the
end-member gas hydrates are markedly stronger
than ice, there are significant differences between
at least some sI and sII hydrocarbon hydrates.
Furthermore, different compositions of the same-
structure hydrate (sI methane vs. sI CO2 hydrate,
for instance) can also exhibit different rheologies.

IMPLICATIONS AND CONCLUSIONS

The high strength of gas hydrates has
implications for hydrate-bearing formations i n
nature even where hydrate concentrations are low.
If environmental conditions permit high effective
normal stresses (high confining pressure relative
to pore pressure), frictional resistance and
cohesion between sediment grains may be high
enough that time-dependent plastic deformation
within the weakest grains of the aggregate
governs macroscopic strength.  In the case of
methane-hydrate-bearing sediment formations, it
is the hydrate that is the weakest phase, and the
strength of the hydrate phase may thus have a
markedly different effect than previously
expected.

The high strength of gas hydrates also
implies a much higher flow strength for hydrate +
sediment aggregates compared with that of frozen
soils.  This conclusion is further supported by the
test  results  from the 50/50 methane hydrate +
quartz sample and the 50/50 CO2 hydrate + quartz
sample, although a d d i t i o n a l  t e s t i n g  i s  n e e d e d  t o 
d e m o n s t r a t e  reproducibility and to fully explore
the many effects and complexities that sediments,
in different sizes, concentrations, and
distributions, may introduce. Nonetheless, these
f i r s t    t e s t s    o n   a    h y d r a t e  /  s e d i m e n t    m i x t u r e 

demonstrates that adding a nearly homogeneous
distribution of ~ 50 vol. % quartz to methane or
CO2 hydrate serves to increase the strength by
about a factor of two compared to the pure hydrate.

Lastly, the significant differences between
the various compositions of gas hydrates is quite
notable given the long-held assumptions in the
literature that hydrates are likely “ice-like” in their
mechanical properties, or could be compared to
analogue hydrates easily formed in the laboratory
(ethylene oxide or THF hydrates, for instance).  To
the contrary, we now know that guest species can
critically influence many physical properties and
behaviors exhibited by clathrate hydrates, an
example being the startling difference in
decomposition behavior exhibited by various sI and
sII hydrates [27, also 17].  Mechanical strength is
no different;  Figure 4 illustrates that not only do sI
and sII hydrates exhibit significantly different
rheologies, but different compositions of the same
hydrate structure can exhibit different rheologies.

These experiments represent merely a first
step towards elucidating the mechanical effects of
gas hydrates on hydrate-bearing formations.
Planned experiments on compaction, fracture, and
flow behavior of hydrate + sediment aggregates
with known phase articulation, or under conditions
of controlled dissociation, should further improve
our understanding of the specific roles that gas
hydrate rheology may play in governing the
inelastic behavior of natural hydrate/sediment
aggregates. In complementary manner, SEM
imaging should then help relate the lab
measurements to those made on either recovered or
in situ gas-hydrate-bearing materials, and in turn, to
appropriate rock-physics models.
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