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SUMMARY

Naturally occurring gas hydrates contain significant amounts
of natural gas which might be produced in the foreseeable fu-
ture. Thus, it is necessary to understand the pore-space char-
acteristics of hydrate reservoirs, especially the pore-scale dis-
tribution of hydrates and their interaction with the sediment.
The goal of this study is to determine how the hydrates are
distributed in the pore space and the implications of this pore-
scale distribution for hydrate saturation estimates from seismic
and acoustic velocities.
Laboratory measurements were conducted to obtain informa-
tion about the distribution of hydrates in the pore space of syn-
thetic sediments (glass beads). Tetrahydrofuran (THF) was
used as a guest molecule since THF hydrate is a proxy for
naturally occuring hydrate. We performed micro X-ray com-
puted tomography (MXCT) on laboratory formed glass-bead
samples. MXCT images indicate that THF hydrates form in
the pore space with little to no contact to the grain surfaces.
We observed salt precipitation at grain contacts and in small
pore space. These hydrate-bearing sediments appear to follow
a pore-filling model but contained salt cement. Based on this
knowledge, it may be possible to calibrate seismic and well
logging data to calculate the amount of natural gas stored in
a hydrate reservoir. This information will help to make deci-
sions regarding the producibility of methane hydrates and to
develop safe production schemes.

INTRODUCTION

Gas hydrates are clathrate structures of natural gases. They re-
quire low temperatures and high pressures for stability. These
conditions are met in shallow sediments in Arctic permafrost
regions and beneath the seafloor along continental slopes. The
estimated amount of natural gas, mainly methane, stored in
hydrate reservoirs exceeds the amount of natural gas stored
in conventional resources by at least one order of magnitude
(Meyer, 1981; Dobrynin et al., 1981; Collett et al., 2009). The
widespread occurence of gas hydrates in permafrost and shal-
low marine sediments is well established (Collett et al., 2009).
Anderson et al. (2008) and Dallimore et al. (2008) demon-
strated that gas-hydrate production can be developed with ex-
isting oil and gas production technology. For successful pro-
duction of methane gas from hydrate reservoirs we need to ob-
tain knowledge about physical properties of gas-hydrate bear-
ing sediments.

The most common geophysical methods used to characterize
and quantify gas hydrates in nature are seismic surveying and
well logging. In order to calibrate and interpret these field
measurements, laboratory studies are necessary to determine
the bulk physical properties of hydrate-bearing sediment. Cur-
rently, it is possible to predict the existence of gas hydrates

from geophysical measurements. However, the techniques used
to estimate hydrate saturation based on either seismic data or
well logs require further development (Collett and Lee, 2012).
Thus, the amount of hydrates stored in a reservoir remains un-
certain in some cases. Information about the distribution of
gas hydrates in the rock is necessary to determine hydrate sat-
uration.

Gas hydrates occur as massive units and lenses in fractures of
fine-grained material (shale) as well as distributed in the pore
space of coarse-grained porous media. Different distributions
of gas hydrates in the pore space affect the physical proper-
ties of the hydrate-bearing sediment. Thus, it is imperative
to ascertain hydrate-sediment interactions rather than physical
properties of pure hydrates (Yun et al., 2005). Hydrate dis-
tribution in the pore space depends mainly on the formation
method. In nature, gas hydrates are formed in two ways: (1)
from methane dissolved in water or (2) from free methane gas
(Collett et al., 2009). Hydrates formed from methane gas tends
to form at the grain surface and grain contacts (Waite et al.,
2004; Priest et al., 2005) while hydrates formed from methane
dissolved in water tends to form in the pore body with little or
no contact to the sediment grains (Ecker et al., 1998; Kunerth
et al., 2001).

In this study, we focus on the pore-scale distribution of gas
hydrates in synthetic coarse-grained porous media. Coarse
grained sand reservoirs, as they exist in permafrost regions and
marine environments, are relatively easy to access and thus
more likely to permit methane production from gas hydrates
than hydrate reservoirs in shale (Boswell and Collett, 2006).

Our goal is to determine the pore-scale distribution of hydrates
formed from gas dissolved in water. It is often assumed that
gas hydrates in coarse grained, marine sediments is more likely
to form from methane dissolved in water, whereas gas hydrates
in permafrost regions is associated with formation from free
methane gas (Collett et al., 2009). Micro X-ray computed to-
mography (MXCT) images were utilized to image hydrate dis-
tribution in the pore space. The relation between pore-scale
distribution, hydrate formation method and seismic or sonic
velocities is essential to determine the amount of hydrates in a
reservoir from seismic data and acoustic logs.

THEORY

Theoretical models infer different pore-scale hydrate distribu-
tions and their impact on seismic velocities. One such model
is the effective medium theory applied to hydrate-bearing sed-
iments by Ecker et al. (1998) and Helgerud et al. (1999) .

Figure 1 shows four different pore-scale distributions accord-
ing to this effective medium model for gas hydrates in sedi-
ment: contact cementing, envelope cementing, pore filling and
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Rock physics of hydrate-bearing sediments

Figure 1: Effective medium theory after Ecker et al. (1998)
and Helgerud et al. (1999): different distributions of hydrates
in the pore space, conceptual figures from Rydzy and Batzle
(2011)

load bearing. The envelope cementing model causes a dras-
tic increase in velocities even for small amounts of hydrates
in the pore space whereas hydrates formed according to the
pore filling model shows a much smaller influence on veloc-
ities. Ultrasonic velocity measurements have been performed
in addition to MXCT imaging as discussed in Schindler and
Batzle (2014). Hydrate formation from free gas appears to
create grain-cementing hydrates, which resembles the contact
or envelope-cementing models (Waite et al., 2004; Priest et al.,
2005). Hydrates formed from gas dissolved in water seems to
have little or no contact with the sediment grains and thus con-
forms to the load-bearing or pore-filling model (Kerkar et al.,
2014). More laboratory measurements are necessary to deter-
mine the correlation of hydrate distribution in the pore space
with seismic velocities and to corroborate previous results.

The most common hydrates in nature are methane hydrates.
Methane hydrates either need to be cooled to -78.7 ◦C to be
stable under atmospheric pressure or require a pressure of 4
MPa to be stable at 4 ◦C (Sloan and Koh, 2008). The con-
trolled synthesis of methane hydrates from the aqueous phase
is additionally difficult, mainly because of the low solubility of
methane in water (1.5 · 10−3 mol methane per 1 mol water at
5 MPa and 25 ◦C (Lide and Frederikse, 1995). This low solu-
bility necessitates extensive pore fluid circulation and long ex-
perimental time for hydrate formation from the aqueous phase
(Spangenberg et al., 2005).

We used Tetrahydrofuran (THF) which forms hydrates at at-
mospheric pressure and temperatures of 4 ◦C (Sloan and Koh,
2008). THF is a heterocyclic ether with the molecular for-
mula C4H8O. THF is completely miscible in water (Sloan and
Koh, 2008) and thus widely used to resemble hydrate forma-
tion from methane dissolved in water (Pearson et al., 1986;
Collett and Ladd, 2000; Yun et al., 2005). Lee et al. (2007)
demonstrated that THF and methane hydrates exhibit similar
macroscale mechanical, electrical and thermal characteristics.
THF has the advantage of providing close control on the hy-
drate saturation by varying the stoichiometric THF-H2O mix-
ture without having the long formation history of methane hy-
drates. However, it should be noted that THF forms structure-
II hydrates whereas pure methane forms structure-I hydrates.
Hydrates in nature, especially when formed from thermogenic
gas, often contain longer chain hydrocarbons (e.g. ethane,
propane) in addition to methane and thus can form structure-II
hydrates (Sloan and Koh, 2008) . Therefore, THF hydrates are

Figure 2: Experimental setup inside the CT scanner

used as a proxy for naturally occurring gas hydrates.

EXPERIMENTAL METHOD

MXCT imaging was performed in the MicroXCT-400 appara-
tus from XRadia. A Torlon (polyamide-imide) pressure cell
with stainless steel fittings on both ends was used. The pres-
sure cell has an inner diameter of 7 mm and a length of 8 cm
(Figure 2). The setup was temperature controlled by cooled air.
Air from a compressor is transported through a copper coil lo-
cated in a cooling bath (Tbath =−30◦C) and then led through a
thermally insulated hose into the CT apparatus. The insulated
section between cooling bath and CT apparatus also contains a
hose loop which circulates cooled ethylene glycole alongside
the air hose for additional cooling. This setup provides cool-
ing to temperatures as low as 1 ◦C for periods of multiple days
to keep the hydrates stable while high-resolution CT scans are
performed.

Samples were formed directly in the pressure vessel and had a
volume of approximately 3 ml. Sample components were un-
consolidated borosilicate glass beads (diameter: 1 mm) used
as host sediment, de-ionized water, THF and barium chloride.
Stoichiometric mixtures of THF and water were used to obtain
hydrate saturations of 40%, 60% and 80%. Barium chloride
was added to achieve a density contrast between THF hydrates
and residual brine. The specimen exhibited a porosity of ap-
proximately 0.35. The porosity was determined from CT im-
ages. After combining all sample compounds, the sample was
cooled to approximately 1 ◦C. The temperature was constantly
kept above 0 ◦C to avoid the formation of ice along with THF
hydrates.

MXCT measurements allow the distinction between materials
based on their bulk densities. They provide insight into the dis-
tribution of different sample components in the pore space. In
contrast to sediment grains, glass beads have a uniform X-ray
absorbance value, shape and density (2.23 g/cm3). These prop-
erties make it easier to interpret the MXCT images. The output
data of the MXCT apparatus are gray scale images. Different
gray values represent materials with different bulk densities
(high density:light gray, low density: dark gray).
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Rock physics of hydrate-bearing sediments

Figure 3: CT images showing horizontal slice through a glass-
bead sample. Left: pore space filled with THF, water and bar-
ium chloride at room temperature, right: pore space filled with
THF hydrate (Sh=80%), barium chloride and barium chloride
brine. Resolution of 14.9 µm. White/light yellow: barium
chloride precipitate, yellow/orange: glass beads, pink/violet:
barium chloride brine, dark violet/black: THF hydrates

Barium chloride was added to the fluid mixture to enhance
the density contrast between residual water and hydrates. As
hydrates form, barium chloride is excluded from the hydrate
structure and remains within the water phase The bulk den-
sities of each sample component are listed in Table 1. The
amount of barium chloride was adjusted for each sample in
order to obtain a density of 1.1 g/cm3 for the remaining wa-
ter assuming that all THF in the sample has been converted to
hydrates.

In this study, the hydrate-bearing samples were monitored after
the hydrate-formation process was completed. MXCT imag-
ing of THF hydrate dissociation was discussed in Schindler
and Batzle (2014). X-ray source voltage of 150 kV and power
of 6.2 Watt were used for all tomographies. Magnification of
0.5X (resolution 14.9 µm and 45.4 µm) was used to obtain a
big field of view and thus an overview over the sample, magni-
fication of 4X (resolution 5 µm) was used for a detailed view
of the pore space. Best results were obtained for angular in-
crements of 0.1◦ to 0.2◦ resulting in scanning durations of 1.5
to 6 hours.

RESULTS

The reconstructed CT images (Figure 3) contain information
about the distribution of different components of the sample.
Different gray values in the CT images represent different den-
sities in the sample. For better visualization high densities are
shown in light yellow, intermediate densities are represented
by orange and pink areas and low densities are shown in vi-
olet and black. Because of its low density (Table 1), THF
hydrates and ice appear as violet and black areas in the CT
image whereas barium chloride brine and precipitated barium
chloride appear in light yellow caused by their higher density
(Table 1).

Figure 3 shows CT images for a sample with 80% hydrate sat-
uration. The images indicate that THF hydrates are located in

Table 1: Density of sample components for hydrate saturation
Sh = 80% and addition of 3.2 wt% BaCl2

Component Density [g/cm3]
water 1.00
BaCl2 3.84
BaCl2 brine (12.3 wt%) 1.1
THF hydrate 0.97
THF-water-BaCl2 mixture 1.00

the pore body with little to no contact to the grain surfaces.
Barium chloride precipitate is found at the grain contacts and
fills some small pores entirely. Glass bead surfaces are covered
with a layer of barium chloride brine. From these observations
we conclude that THF hydrates can contribute to seismic and
acoustic velocities as explained by the pore-filling model of
the effective medium theory. The presence of hydrates causes
an increase in sediment stiffness and thus in seismic velocities.
The observation of salt precipitate at grain contacts would lead
to a further increase in velocities compared to the pore filling
effective medium model which only considers the presence of
THF hydrates.

CONCLUSIONS

Micro X-ray computed tomography observations indicate that
hydrates from water-THF-solution form in the pore body, away
from the grain surfaces. The grain surfaces are covered with a
film of barium chloride brine indicating that THF hydrates are
the non-wetting phase and forms according to the pore-filling
model with salt cementing the sediment grains. Due to the high
flux of water in natural sediments, salt precipitation is unlikely
to occur in natural gas hydrate reservoirs. However, the effect
of salt cementation needs to be taken into consideration for
laboratory studies involving salt in hydrate-bearing samples.

Given that THF hydrate is a proxy for one possible texture of
natural occurring hydrate, we conclude that natural gas hydrate
in coarse grained sediments is primarily non-cementing when
formed from natural gas dissolved in water. This conclusion
is essential for the assessment of gas hydrate saturation from
seismic and well log data.
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