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S U M M A R Y
Compressional wave (P wave) and shear wave (S wave) velocities (Vp and Vs, respectively)
from remote seismic methods have been used to infer the distribution and volume of gas hydrate
within marine sediments. Recent advances in seismic methods now allow compressional and
shear wave attenuations (Q−1

p and Q−1
s , respectively) to be measured. However, the interpreta-

tion of these data is problematic due to our limited understanding of the effects of gas hydrate
on physical properties. Therefore, a laboratory gas hydrate resonant column was developed
to simulate pressure and temperature conditions suitable for methane gas hydrate formation
in sand specimens and the subsequent measurement of both Q−1

p and Q−1
s at frequencies and

strains relevant to marine seismic surveys. 13 dry (gas saturated) sand specimens were in-
vestigated with different amounts of methane gas hydrate evenly dispersed throughout each
specimen. The results show that for these dry specimens both Q−1

p and Q−1
s are highly sen-

sitive to hydrate saturation with unexpected peaks observed between 3 and 5 per cent hydrate
saturation. It is thought that viscous squirt flow of absorbed water or free gas within the pore
space is enhanced by hydrate cement at grain contacts and by the nanoporosity of the hydrate
itself. These results show for the first time the dramatic effect methane gas hydrate can have
on seismic wave attenuation in sand, and provide insight into wave propagation mechanisms.
These results will aid the interpretation of elastic wave attenuation data obtained using marine
seismic prospecting methods.
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1 I N T RO D U C T I O N

Methane gas hydrates are crystalline compounds, which exist nat-
urally in sediments on our continental margins, deep lakes and po-
lar regions where permafrost is present. A volume of 1 m3 of gas
hydrates is able to store up to 164 times the equivalent volume
of methane gas at STP (Sloan 1998). Potentially large volumes of
methane gas can be released from hydrate-bearing sediments as a
result of changes in temperature or pressure at the base of the hydrate
stability zone (BHSZ). This can cause structural weakening of the
sediment and may have been a possible mechanism for slope failures
on continental margins in our geological past (Ashi 1999; Berndt
et al. 2002; Kayen & Lee 1991; Mienert et al. 1998; Popenoe et al.
1993). Increasing drilling activity by oil exploration companies on
deep water continental margins where hydrates form, and possible
changes in ocean bottom water temperatures by global warming,
have led to an increased focus on gas hydrates as a potential geo-
logical hazard.

High-resolution seismic methods provide a cost effective tool for
detecting and delineating deposits in the upper 500 m beneath the
seabed. They have been extensively used to identify and quantify
gas hydrates in recent studies (Gettrust et al. 1999; Holbrook et al.

1996; Katzman et al. 1994; Korenaga et al. 1997; Minshull et al.
1994; Vanneste et al. 2002). Although the use of compressional
wave velocity (Vp) is useful for delineating the change from a gas-
free zone to a gas-bearing zone at the BHSZ, the quantification of
the amount of gas hydrates above the gas zone has proven difficult
to achieve because of uncertainties in the mechanical properties of
the sediment as a result of the inclusion of gas hydrate. The use of
more sophisticated seismic techniques has enabled other geophysi-
cal properties of the sediment to be measured including shear wave
velocity (Vs), compressional wave attenuation (Q−1

p ) and shear wave
attenuation (Q−1

s ) (Rossi et al. 2005). It is assumed that if the hydrate
acts as a cementing agent then both Q−1

p and Q−1
s may be sensitive

to small volumes of gas hydrate within the sediment (Pecher &
Holbrook 2000). Wood et al. (2000) assumed that Q−1

p and Q−1
s

would reduce for hydrate-bearing sediments in a similar manner to
attenuation in frozen rocks (Toksöz et al. 1979), while Al-Hunaidi
et al. (1996) showed that attenuation increases for clay soils when
they are frozen. Therefore, when Wood et al. (2000) observed an
increase in attenuation on vertical seismic profiles (VSPs) acquired
on Ocean Drilling Program (ODP) Leg 164, it was attributed to the
normal variance in attenuation for fine mud sediments. Guerin &
Goldberg (2002) undertook a detailed analysis of sonic waveform
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attenuation in hydrate-bearing sediments from well logs obtained
from the Malik 2L-38 research well in the Mackenzie Delta, Canada.
The results showed that both Q−1

p and Q−1
s increased with hydrate

saturation with Q−1
s being more sensitive to hydrate inclusion than

Q−1
p , although this apparent increase in attenuation was not evident

in the amplitudes from seismic reflection data obtained from the
same well (Collett et al. 1999). An apparent increase in Q−1

p was
previously identified from sonic well logs obtained on the Blake
Ridge (Guerin et al. 1999). However, the poor quality of the bore-
hole coupled with the low hydrate concentrations recorded prevented
detailed conclusions to be drawn from the dataset. These results,
therefore, provide conflicting views of the attenuative properties of
hydrate-bearing sediments.

A more detailed understanding of the effect of gas hydrates on sed-
iment physical properties, like seismic velocity and attenuation, is
required to enable the use of seismic methods for evaluating the pres-
ence of gas hydrate in situ. In this paper the attenuative properties of
laboratory prepared specimens of dry (gas saturated) sand contain-
ing differing volumes of methane gas hydrate within the pore space
are presented. A specially constructed gas hydrate resonant column
(GHRC) was used to measure both Q−1

E (flexural-longitudinal wave
attenuation) and Q−1

s (torsional shear wave attenuation) of hydrate-
bearing sand specimens at frequencies<400 Hz and at strains<10−6

that are commonly employed in seismic surveys, and at pressures
and temperatures suitable for hydrate stability (3.55 MPa, 4◦C). The
desired P-wave attenuation (Q−1

p ) was derived from its known rela-

tionship with Q−1
E , Q−1

s and Poisson’s ratio (ν). A methodology was
developed that ensured a homogeneous distribution of the hydrate
throughout the specimen at predefined volumes of methane gas hy-
drate, thus allowing the observed changes in Q−1

p and Q−1
s to be

related to known hydrate saturations. The results show an entirely
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Figure 1. Schematic showing general layout of apparatus with pressure and temperature control, and data acquisition systems.

unexpected peak in attenuation for all modes centred around 3–5
per cent hydrate saturation.

2 AT T E N UAT I O N M E A S U R E M E N T S

The attenuation of seismic energy occurs primarily as the result of
three differing phenomena;

(i) geometric spreading,
(ii) scattering, and
(iii) absorption of energy by the medium in which it is travelling.

Geometric spreading is independent of the material in which the
elastic wave is travelling. Scattering tends to be significant only for
wavelengths close to the size of any heterogeneities in the medium.
Absorption, or intrinsic attenuation, is a function of the characteris-
tics of the material (grain size, mineralogy, saturation, etc.) and the
frequency of the elastic wave. The intrinsic attenuation, Q−1, can
be defined as the energy loss per cycle as the stress wave propagates
through the material (O’Connell & Budanisky 1978),

1

Q
= φ

4πW
, (1)

whereφ is a measure of the energy loss per cycle and W is the average
energy stored per cycle. The term Q−1 is known as the specific
dissipation function, and Q as the quality factor of the material.

2.1 Free vibration decay

In this paper the intrinsic attenuation of laboratory prepared spec-
imens of hydrate-bearing sand were measured within the GHRC
utilizing the free vibration decay method. Fig. 1 shows the set-
up of the resonant column. A 140 mm high by 70 mm diameter
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Figure 2. Typical free vibration decay response curve for a non-hydrate-
bearing sand specimen.

specimen with the drive mechanism attached to its top is excited at
its first mode of vibration. This is achieved by applying a sinusoidal
voltage to a set of coils mounted on the support frame of the res-
onant column apparatus; the resultant magnetic field interacts with
the permanent magnets attached to the drive mechanism causing
the specimen and drive mechanism (system) to vibrate. Once the
system is vibrating in a steady state at its first mode resonant fre-
quency, the power to the coils is switched off, the response of the
freely vibrating system is monitored, and the resulting decay curve
for the specimen is digitally stored by the computer controlling the
apparatus. Fig. 2 shows a typical free vibration decay response for a
non-hydrate-bearing sand specimen. In a dissipative system the dif-
ference in amplitude between successive peaks can be interpreted
as energy loss per cycle and is termed the logarithmic decrement δ.
The logarithmic decrement can be expressed as

δ = ln
A1

A2
, (2)

where A1 and A2 are the peak amplitudes of successive cycles. Fig. 3
shows the natural logarithm of peak amplitude for each cycle plot-
ted against cycle number for the free vibration decay plot in Fig. 2.
The logarithmic decrement can be found from the slope of the line
of best fit through the data points in Fig. 3. The intrinsic attenu-
ation (Q−1) is related to the logarithmic decrement by the simple
relationship

1

Q
= δ

π
. (3)

It is also worth noting that different attenuation modes are obtained
for different measurement techniques. Therefore, dynamic meth-
ods such as the resonant column can measure shear wave atten-
uation Q−1

s from torsional vibration, and longitudinal-flexural at-
tenuation Q−1

E (anelasticity of the Young’s modulus, E Johnson &
Toksöz 1981) from flexural excitation. The bulk modulus attenu-
ation, Q−1

k can be derived from hydrostatic stress and dilatational
strain measurements, whereas seismic surveys provide compres-
sional (P-) wave attenuation Q−1

p that includes contributions from

both Q−1
k and Q−1

s . For an isotropic medium these different attenua-
tion values can be related to each other by the following expressions

Number of cycles

0 10 20 30

Ln
 o

f p
ea

k 
am

pl
itu

de

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

Line of bestfit

Figure 3. Plot of natural logarithm of peak amplitude against cycle num-
ber obtained from the free vibration decay curve in Fig 2. The logarithmic
decrement, δ is obtained from the slope of the least-squares regression line
fitted to the data.

from Winkler & Nur (1979)

(1 − ν)(1 − 2ν)

Q p
= 1 + ν

QE
− 2ν(2 − ν)

Qs
,

(1 − 2ν)

Qk
= 3

QE
− 2(ν + 1)

Qs
,

1 + ν

Qk
= 3(1 − ν)

Q p
− 2(1 − ν)

Qs
, (4)

where ν is Poisson’s ratio evaluated using

ν = 1

2

(
V 2

l f

V 2
s

)
− 1. (5)

The parameters Vlf and Vs are the velocities obtained from resonant
column tests using longitudinal-flexural and torsional vibration, re-
spectively (Priest et al. 2005).

2.2 Apparatus calibration

In using the resonant column the measured attenuation is a com-
bination of the intrinsic attenuation of the specimen and any in-
herent attenuation caused by the apparatus. The predominant error
attributable to the apparatus is caused by the motion of the magnets
through the coils. The applied voltage produces a magnetic field
which interacts with the magnets and induces motion. However,
once the power to the coils is shut off and the system is allowed to
vibrate freely, the motion of the magnets through the coils induces
a voltage in the coils, which opposes this motion. This is termed
the back-EMF and the degree of attenuation attributable to it is fre-
quency dependent (Meng & Rix 2003). Several differing methods
have been adopted to reduce the influence of the equipment gener-
ated attenuation, which include using correction curves (Wang et al.
2003) or by using a current-mode source (Meng & Rix 2003). In
this paper the attenuation caused by the back-EMF was negated by
the design of a switching arrangement which allowed all the coils to
be disconnected (i.e. open circuit) during free vibration decay. The
provision of an open circuit prevents a back-EMF being induced in
the coils and, therefore, eliminates its inertial effect on the vibrat-
ing system. Fig. 4 shows the measured attenuation using aluminium
calibration bars in place of the specimen for both the open circuit
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Figure 4. Measurement of attenuation using open-circuit (open) and closed
circuit (closed) arrangements in torsional and flexural excitation for different
aluminium calibration bars.
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Figure 5. Flexural and torsional attenuation correction curves (lines of best
fit) from regression analyses of the open-circuit attenuation data in Fig. 4.

and closed circuit arrangement. As the attenuation of the aluminium
bars is negligible the increase in attenuation with frequency, which
is observed for the open circuit arrangement is thought to possibly
result from imperfect coupling of the various components of the
drive mechanism. This error was removed from the attenuation re-
sults for the hydrate-bearing specimens by using correction curves
for each mode of vibration, as shown in Fig. 5. It should also be
noted that the attenuation is measured at the resonant frequency of
the system and that the resonant frequency for the torsional mode
does not necessarily correspond with the resonant frequency for the
flexural mode.

3 S P E C I M E N P R E PA R AT I O N A N D
M E T H A N E H Y D R AT E F O R M AT I O N

In total, 13 specimens of Leighton Buzzard sand with different vol-
umes of methane gas hydrate within the pore space were tested
within the resonant column. The initial properties of the speci-
men prior to hydrate formation are shown in Table 1. The sand
was Leighton Buzzard Grade E, which is a uniform, rounded to
subrounded, fine sand with 85 per cent by weight falling between

Table 1. Properties of test specimens.

Specimen Added water as Initial porosity, Porosity at σ ′ = 500
no. per cent of pore space σ ′ = 250 kPa kPa with hydrate

HOL 0 0.465 0.463
H0D 0 0.416 0.413
H1 1.07 0.400 0.397
H2 2.16 0.419 0.412

H3-1 3.03 0.419 0.409
H3-2 2.72 0.443 0.431
H4-1 3.77 0.423 0.407
H4-2 3.85 0.430 0.429
H5-1 4.94 0.419 0.400
H5-2 4.91 0.423 0.424
H10 9.67 0.432 0.392
H20 18.06 0.428 0.353
H40 35.63 0.428 0.279

90 and 150 µm. Its minimum and maximum dry densities were
found to be 1331 kg m−3 and 1624 kg m−3, respectively (Cresswell
et al. 1999; Kolbuszewski 1948; Rad & Tumay 1987; Walter et al.
1982). As a reference, two specimens were formed with no hydrate
in the pore space but at differing densities, termed loose (H0L) and
dense (H0D) (relative to the minimum and maximum dry densities
for this sand). The formation of gas hydrate was achieved using a
modified version of the technique developed by Stern et al. (1996),
which formed hydrate from the slow melting of ice in the presence
of methane gas at high pressure (>20 MPa). In our tests, a known
mass of sieved, triply distilled, de-aired H2O ice with a grain size
between 180 and 250 µm was mixed with a known mass of dried
frozen sand. Thorough mixing of the ice and sand with repeated use
of a riffle box (an apparatus designed to produce two equal subsam-
ples in the base trays when the constituents are emptied through a
top grill) ensured a homogeneous distribution of ice within the sand.
The ice was subsequently allowed to melt (in air-tight bags), and the
liquid water was left to redistribute itself before this damp sand was
used to form a specimen.

Specimens were made by tamping the moist sand in eight equal
layers to form a sand specimen. The specimen was sealed within
a butyl rubber membrane fixed to the base pedestal, and a top cap
placed on the top of the sand. The use of a butyl membrane helped
mitigate the migration of cell and pore pressure gases since standard
latex membranes are known to be gas permeable (Bishop & Henkel
1962). Two thermistors were attached on each side of the specimen
at mid-height to measure temperature change, and an LVDT was
used to measure axial displacement.

The gas pressure and temperature regime followed during hydrate
formation can be seen in Fig. 6. Once the specimen was formed and
the external dimensions of the specimen taken, the drive mecha-
nism and pressure cell were secured in place. An effective stress of
250 kPa [at point (a) in Fig. 6] was applied to the specimen under
atmospheric back pressure. The specimen temperature was then re-
duced to −15◦C causing the interstitial pore water to freeze [point
(b) in Fig. 6]. Once the specimen temperature was stabilized, the ni-
trogen cell and methane back pressure were slowly raised to a back
pressure of 15 MPa over about 1.5 hr while maintaining an effective
confining pressure of 250 ± 50 kPa on the specimen [point (c) in
Fig. 6]. The formation of gas hydrate was then initiated by slowly
raising the temperature of the specimen from −15◦C to 10◦C [points
(c) to (d) in Fig. 6], where it was held for a further 10–15 hours.
The high back pressure applied to the specimen was used to enable
a quick conversion of ice to hydrate (Hwang et al. 1990). Once full
hydrate conversion was deemed to have occurred the back pressure
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Figure 6. The methane hydrate formation procedure showing variations in
the pressure and temperature regime.

was reduced to 5 MPa (with the same 250 kPa effective confining
pressure being maintained) and the specimen temperature to 3◦C,
ready to commence the resonant column testing.

3.1 Testing procedure

The measurement program was designed to characterize the atten-
uative properties of dry (gas saturated) sand specimens containing
differing volumes of methane gas hydrate within the pore space un-
der isotropic loading and unloading. Isotropic loading was applied
in steps of 250 kPa up to an effective stress (σ ′) of 2000 kPa, with
the unloading steps following the same sequence in reverse. Atten-
uation measurements were obtained at each loading and unloading
step. Each load step was maintained for thirty minutes to allow ini-
tial consolidation of the specimen to occur before resonant testing
was undertaken.

Tests on dry Leighton Buzzard sand had shown that for strains
below 10−5, attenuation is nearly independent of strain amplitude
(Priest 2004). This transition from the ‘elastic’ response to the strain
dependent response is termed the elastic threshold γ e

t . Above this
value, the non-linear losses are attributable to intergranular friction
(Winkler et al. 1979). Therefore, measurements of attenuation ob-
tained in the resonant column when the applied strain is kept below
γ e

t can be considered to be representative of small strain measure-
ments obtained during seismic surveys. As the applied strain is a
function of the peak amplitude measured by the accelerometer at
resonance, the applied strain can be easily quantified for each test
run. All measurements presented here were recorded at strains below
γ e

t (10−6).

3.2 Estimation of hydrate volume

It was assumed that hydrate formation would occur once the speci-
men temperature had risen above 0◦C and that the hydrate volume
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Figure 7. Variation in shear wave velocity, Vs with temperature, ◦C for a
sand specimen with a hydrate content of 36 per cent.

could be estimated by measuring the volume of methane consumed
during the formation process (Stern et al. 1996). However, due to
hydrate formation commencing during the rise in methane pore pres-
sure up to 15 MPa and continuing while the specimen temperature
was raised to 0◦C, this technique was unfeasible. Therefore, as hy-
drate forms from gas and water the volume of hydrate within each
specimen was assumed to be proportional to the volume of ice added
to the sand. The inherent moisture of the sand prior to mixing with
the ice was measured and shown to be on average 2.36 g/1000 g of
sand. This inherent moisture was not included in the calculations of
the volume of hydrate within the pore space.

To validate the assumption that all the added water was converted
to hydrate, tests were conducted to determine the shear wave ve-
locity for a specimen containing an assumed hydrate saturation of
36 per cent, as the temperature was lowered from 5◦C to −7.2◦C.
Fig. 7 shows the shear wave velocity as a function of specimen tem-
perature. It can be seen that a maximum increase of 0.6 per cent
in shear velocity was observed as the temperature was lowered to
−7.2◦C, suggesting that there was some free water left in the speci-
men, although causing a negligible change in velocity compared to
the effect of different target hydrate contents (see below).

4 R E S U LT S A N D D I S C U S S I O N

4.1 Intrinsic attenuation in hydrate-bearing sand

Fig. 8 shows the variation of shear wave attenuation, Q−1
s and longi-

tudinal wave attenuation, Q−1
E for a variety of gas saturated hydrate-

bearing sand specimens. The inclusion of hydrate into the pore space
causes an increase in attenuation for both modes of vibration. The
attenuation values as a function of σ ′ (Fig. 8) show a high degree of
scatter for each specimen, although the general trend exhibits a low
sensitivity to σ ′. Fig. 9 shows attenuation Q−1

s and Q−1
E , for selected

specimens (H0D, H3-2 and H40) with error bars showing the 95 per
cent confidence limits for the measured data. The values for the error
bars were obtained by applying a 95 per cent confidence limit to the
least-squares regression curve fitted through the measured values of
peak amplitude per cycle for each free vibration decay test (Fig. 3).
Although the error bars are large for certain measurements, the re-
sults show that the increase in attenuation due to the inclusion of
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Figure 8. (a) Shear wave attenuation Q−1
s and (b) longitudinal wave attenu-

ation Q−1
E as a function of effective confining pressure (σ ′) for all specimens

listed in Table 1.

hydrate is significantly larger than the errors arising from the mea-
surement technique. A comparison of attenuation between Figs 8(a)
and (b) shows that the longitudinal wave attenuation is more vari-
able than shear wave attenuation, and shows an increased sensitivity
to changes in effective confining pressure within each specimen. A
comparison of Q−1

s and Q−1
E with hydrate saturation at an effective

confining pressure of 500 kPa is shown in Fig. 10. The trend lines
for the attenuation values show that small amounts of hydrate have a
major influence on attenuation with a clearly defined peak observed
around 3–5 per cent hydrate saturation. This attenuation peak corre-
sponds to a transition zone, that was observed in the seismic velocity
measurements (compressional velocity, Vp and shear wave velocity
Vs) obtained from the same hydrate-bearing specimens (Priest et al.
2005). These values are shown in Fig. 11; as the specimens were
saturated with gas, water saturated velocities were calculated using
Gassmann’s (1951) equation, which is explained in detail in Priest
et al. (2005). The transition zone is identified by the change in the
slope of the velocity curve with hydrate saturation at 3–5 per cent
hydrate saturation. It is suggested that this zone corresponds to ce-
mentation by the hydrate of the sand grain contacts throughout the
specimen (Priest et al. 2005) . After the attenuation peak at 3–5 per
cent hydrate saturation in Fig. 10, attenuation reduces to a value
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Figure 9. (a) Shear wave, Q−1
s and (b) longitudinal wave attenuation, Q−1

E
against effective confining pressure, σ ′ for specimens H0D, H3-2 and H40
with error bars.

still generally two to three times higher than that for specimens with
no hydrate (H0L and H0D), which then increases gradually with
hydrate saturation up to the maximum hydrate saturation around 36
per cent. Similar attenuation peaks were reported by Saxena et al.
(1988) for sand specimens cemented by ordinary Portland cement
where the attenuation peak corresponded to a 5–8 per cent cement
saturation (by mass of the specimen) and decreased thereafter.

The relationship between the calculated P-wave attenuation, Q−1
p ,

bulk attenuation, Q−1
k and hydrate saturation are shown in Fig 12.

Error bars are shown, which highlight the range of possible values
due to systematic errors and uncertainties in the determination of
Vlf (Priest 2004) when used in eq. 5. The added trend lines show
that Q−1

p and Q−1
k follows the same trend identified for Q−1

s and

Q−1
E as highlighted in Fig. 10. However, it can be seen that the

values of Q−1
p and Q−1

k obtained for specimens H4-1 and H5-1 lie
considerably outside these trend lines.

The values of Q−1
p and Q−1

k are dependent on the value of
Poisson’s ratio, computed from eq. (5), the velocities derived from
the resonance frequencies of the specimen (Priest et al. 2005),
and the measured values of Q−1

s and Q−1
E at each load step. Fig. 13

shows the computed Poisson’s ratio for each specimen as a function
of hydrate saturation at an effective confining pressure of 500 kPa.
Again, error bars are provided to show the range of possible values
due to systematic errors and the uncertainty with Vlf (longitudinal-
flexural velocity measured in the resonant column). The measured
values for Poisson’s ratio for the non-hydrate-bearing specimens is
commensurate with that for unconsolidated sands (Cascante et al.
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1998), given the possible errors. As the hydrate saturation increases,
the Poisson’s ratio increases to around 0.2, which is close to that
found for dry sandstones (Han et al. 1986; Strandenes & Blangy
1991). The results show the Poisson’s ratio computed for H5-1 to
be much higher than that for the other specimens with low hydrate
saturation, with specimen H4-1 being only slightly higher. The high
values of Poisson’s ratio, coupled with the low attenuation values of
Q−1

E observed for both specimens, results in the very low attenuation
values for both Q−1

p and Q−1
k seen in Fig. 12.

It is also noted that the largest errors in both Q−1
p and Q−1

k occur
at the peak in attenuation for specimens with hydrate saturation
between 3 and 5 per cent, which corresponds to the attenuation peak
noted for Q−1

s . It has been shown by Priest et al. (2005) that all the
sand grains in the specimen become fully cemented by the hydrate
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Figure 12. (a) Bulk compressional attenuation, Q−1
k and (b) compressional

wave attenuation, Q−1
p as a function of hydrate saturation at σ ′ = 500 kPa

for all specimens.

over this range of hydrate saturation, which leads to variability in
P- and S-wave velocity (patchy cementation occurs below 3–5 per
cent). This suggests that both attenuation and velocity measurements
are sensitive to the distribution and bonding of hydrates in the sand
over this range of critical hydrate saturation.

It is generally assumed that the presence of gas hydrates in the
pore space of marine sediments causes a reduction in attenuation
(Guerin & Goldberg 2002; Pecher & Holbrook 2000) due to a reduc-
tion in porosity, based on experimental results by Hamilton (1972).
This hypothesis is dependent on frictional losses at grain contacts
being the main source of attenuation. However, testing of Leighton
Buzzard sand shows that attenuation is constant for strains smaller
than the linear threshold value of 10−5 and outside the influence of
intergranular friction (Winkler & Nur 1979). All measurements of
attenuation undertaken as part of this research were performed at
strains <10−6, which precludes intergranular friction as a dominat-
ing loss mechanism.

Therefore, we have developed a qualitative, conceptual model
to describe the observed attenuation in hydrate-bearing sediments
saturated with methane gas based on the assumption that losses
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(Priest et al. 2005).

result from viscous fluid flow (either absorbed water or free gas) in
cracks or small pores of low aspect ratio, as suggested by Mavko
& Nur (1979). Literature on frozen porous media has shown that
the surfaces of soil particles remain liquid water wet in the presence
of water ice (Handa et al. 1992; Overloop & Van Gerven 1993;
Tsytovich 1975; Valiullin & Furo 2002). As many physical charac-
teristics of ice and hydrate are similar, it can be surmised that after
hydrate formation small volumes of liquid water remain as adsorbed
water on the sand grains.

Fig. 14 idealizes the differing stages of hydrate formation and
their possible effect on attenuation in sands due to the formation of
hydrate cement at grain contacts. Although a pore filling model is
generally preferred to a cement contact model, recent research has
suggested that in certain environments hydrate acts as a load-bearing
cement (Chand & Minshull 2004; Chand et al. 2004; Stern et al.
2005). For the air dry sand specimens (Fig. 14a) a small volume
of adsorbed water (all specimens contained approx. 2 g of adsorbed
water) is contained within the pore space of the sands. Due to surface
tension and capillary pressures this water will preferentially, but not
exclusively, condense at sand grain contacts. During the passing
of a seismic wave these grain contacts are deformed momentarily
causing dissipative fluid flow of adsorbed water (and or free gas)
back and forth from this deformed zone. Attenuation is minimal
because of the small volume of adsorbed water, which may not fill
many grain contact micropores, and the total area of the grain contact
is relatively small (Fig. 14a). As the density of the sand increases
from the loose sand specimen H0L to the dense sand specimen H0D
(see Table 1), the stability of grain contacts increases resulting in a
reduction in the transient deformation magnitudes of grain contacts.
This effect seems to dominate over the effect of the more numerous
grain contacts in the dense specimen (and hence more sites for squirt
flow), resulting in a reduction in the observed attenuation between
the loose and dense dry sand specimens.

Fig. 14(b) idealizes hydrate growth in the pore space at grain
boundaries causing cementation of grain contacts, which in turn
leads to an increase in effective area of the grain contact. By assum-

Hydrate

Mono layers of
adsorbed water
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grain contacts

Fluid flow due to
passing seismic wave

Sand grain
particle

Sand grain
particle

(a)

Squirt flowat grain contacts
due to adsorbed water

Sand grain
particle

Sand grain
particle
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Hydrate starting to
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Squirt flow restricted by
continuous hydrate rind
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Figure 14. Conceptual model of cemented grain contacts with increasing
hydrate saturation. (a) Idealized view of sand grain contact with no hydrate.
(b) Grain contacts with hydrate growing at grain boundaries. (c) Connected
hydrate cementing grain contacts with commencement of pore filling.

ing that the cementation of the sand grains by hydrate is not perfect
across the whole region, similar to cemented sandstones (Murphy
et al. 1986), the idealized crack length at the grain contact area is
increased (due to increased cementation). Therefore, as the hydrate
saturation increases up to the critical hydrate saturation value of
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3–5 per cent the number of cemented grain contacts increase with
a corresponding increase in attenuation.

At some point over the critical range of hydrate saturation all
sand grains become cemented and attenuation reaches a maximum.
Above the critical hydrate saturation range, increasing hydrate leads
to an encasement of the sand grains and an infilling of the pore space
(Fig. 14c). As the sand grains become encased the potential for squirt
flow into the equant pore space is reduced, or impeded, which in
turn leads to a reduction in attenuation. The attenuation measured
on specimens containing higher hydrate concentrations are twice
those measured on air dry specimens, suggesting that only partial
impediment of the squirt-flow phenomena occurs. It has been shown
that hydrate (both laboratory and natural) has a porous structure
(Salamatin & Kuhs 2002; Staykova et al. 2002, 2003; Stern et al.
2005) with pore sizes for methane gas hydrate ranging from 100 to
400 nm. This may, therefore, suggest that as the hydrate seals around
the sand grains and reduces the fluid flow through the flat cracks,
there may still be some contribution to attenuation from fluid flow
through the pores of the porous hydrate structure itself (Chand &
Minshull 2004). Alternatively there may be fewer crack-like pores
of the correct size to facilitate squirt flow at these frequencies (some
authors suggest that squirt flow is related to signal frequency as well
as pore size, geometry and pore fluid viscosity, e.g. Murphy et al.
(1986).

Attenuation data from the Malik 2L-38 well in the Mackenzie
Delta, Canada (Guerin & Goldberg 2002) showed a monotonic in-
crease in attenuation up to 80 per cent hydrate saturation with Q−1

s

being higher than Q−1
P , which is somewhat different from what was

observed in these laboratory experiments. However, it has to be
remembered that our tests were conducted on partially saturated
specimens where the sediments at the Malik 2L–38 well were fully
saturated. In partially saturated rocks Q−1

P is greater than Q−1
s due

to the large compressibility of the gas which is not evident when
rocks are fully saturated (Mavko & Nur 1979; Murphy 1982). Sec-
ondly, although the results of this research show limited evidence for
increasing attenuation with hydrate saturation after the initial maxi-
mum (all results except for Q−1

s show small increases in attenuation
with hydrate saturation after the initial attenuation peak), this could
be explained by the very small amount of free water available in
each test since low saturation levels would lead to lower attenuation
values than when fully saturated (Murphy 1982). Hence, seismic
models are required that can use the current level of information to
predict seismic attenuation in saturated, hydrate-bearing sand. This
topic will be addressed in a later paper.

4.2 Attenuation in dissociated specimens

After testing, the hydrate-bearing specimens were allowed to disso-
ciate in a controlled manner ensuring a constant effective confining
pressure of 250 kPa was maintained at all times. Once fully disso-
ciated, the specimens were tested under similar pressure conditions
to when they contained hydrate. Fig. 15 shows the attenuation val-
ues for Q−1

s and Q−1
E from selected dissociated specimens, along

with hydrate-bearing specimen H3-2 for comparison. It can be seen
for the dissociated specimens that the measured attenuation has be-
come pressure dependent, which is not seen in the attenuation values
measured for the dry specimens or the hydrate-bearing specimens in
Fig. 7. This pressure dependency may result from the closure of sat-
urated micro-cracks at grain contacts (Best 1997) given that these
specimens contain moisture, higher than the amount of adsorbed
water in specimens H0L and H0D. Fig. 15 also shows that attenua-
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Figure 15. (a) Shear wave attenuation Q−1
s and (b) longitudinal wave at-

tenuation Q−1
E as a function of effective confining pressure (σ ′) for selected

specimens after hydrate dissociation. Hydrate-bearing specimen H3-2 shown
for comparison.

tion does not significantly increase as the volume of water, taken as
a percentage of the pore space (i.e. saturation level), increases from
2 to 36 per cent, with no defined peak for specimens with hydrate
(water) saturations between 3 and 5 per cent.

5 C O N C L U S I O N S

Elastic wave attenuation measurements from marine seismic surveys
can be used to estimate the distribution and volume of methane hy-
drate within ocean sediments based on the laboratory resonant col-
umn results reported in this study. For the first time, the variation in
compressional and shear wave attenuations (Q−1

p and Q−1
s , respec-

tively) in laboratory prepared specimens of methane gas hydrate-
bearing sand, which were gas saturated, have been measured at seis-
mic frequencies and strains as a function of hydrate saturation. The
formation procedure forced hydrate growth to occur at grain con-
tacts causing cementation of the sand grains, which may occur in
nature in gas rich environments.

A laboratory apparatus (the gas hydrate resonant column or
GHRC) was developed to allow measurement of the free vibration
decay of a resonating specimen, from which its elastic wave atten-
uation properties can be calculated. Specific design improvements
were implemented to allow the intrinsic attenuation attributable to
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the apparatus to be removed, which greatly improved the accuracy of
the attenuation measurements obtained. The resonant column was
also modified to excite the specimen in the fundamental mode of
longitudinal flexure as well as in torsion, thus enabling both com-
pressional and shear wave attenuations (Q−1

p and Q−1
s ) to be derived

at frequencies less than 400 Hz and at strain levels less than 10−6.
The attenuation of seismic waves within hydrate-bearing sands

was shown to be sensitive to the volume of gas hydrate within the
pore space. An attenuation peak was observed when the percent-
age of hydrate within the pore space was between 3 and 5 per
cent. The measured attenuation was insensitive to effective con-
fining pressure in the hydrate-bearing sand. A conceptual model
was proposed to explain the observations. The peak in attenuation
is thought to be due to cementation of grain contacts leading to an
increase in low aspect ratio cracks between the hydrate and sand
grains. This increase in the effective area of the grain contacts led to
increased dissipation of mechanical wave energy due to the flow of
adsorbed water (and or free gas) along the crack into the open pore
space, and then back again during the passage of a seismic wave.
Full encasement of the grains at higher hydrate saturation reduced
the potential for fluid flow into the pore space, although fluid flow
was still possible through the nanoporous hydrate, which may have
higher aspect ratio pores than at grain contacts.

Attenuation measurements on dissociated specimens do not show
any appreciable attenuation peak and only a small increase in atten-
uation from the air dry specimens due to the increase in water at
grain contacts. Once the grain contacts were saturated, no appre-
ciable change was noted with increasing water saturation. Also, the
dissociated specimens showed sensitivity to the effective confining
pressure, which was not observed in the same specimens when they
contained hydrate.

List of Symbols
δ logarithmic decrement.
γ t

e elastic strain threshold.
σ ′ effective confining pressure, kPa.
φ energy loss per cycle.
ν Poisson’s ratio.
A1, A2 amplitude of successive cycles during free vibration decay.
Q−1

E longitudinal wave attenuation.
Q−1

k bulk compressional attenuation.
Q−1

p compressional wave attenuation.
Q−1

s shear wave attenuation.
Vlf longitudinal-flexural wave velocity, ms−1.
Vp compressional wave velocity, ms−1.
Vs shear wave velocity, ms−1.
W average energy stored per cycle.
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