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[1] Observations of velocities in sediments containing gas
hydrates show that the strength of sediments increases with
hydrate saturation. Hence it is expected that the attenuation
of these sediments will decrease with increasing hydrate
saturation. However, sonic log measurements in the Mallik
2L-38 well and cross hole tomography measurements in the
Mallik field have shown that attenuation increases with
hydrate saturation. We studied a range of mechanisms by
which increasing hydrate saturation could cause increased
attenuation. We found that a difference in permeability
between the host sediment and the newly formed hydrate can
produce the observed effect. We modelled attenuation in
terms of Biot and squirt flow mechanisms in composite
media. We have used our model to predict observed
attenuations in the Mallik 2L-38 well, Mackenzie Delta,
Canada. INDEX TERMS: 0935 Exploration Geophysics:

Seismic methods (3025); 3210 Mathematical Geophysics:

Modeling; 5114 Physical Properties of Rocks: Permeability and
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1. Introduction

[2] Gas hydrates are observed in sediments of continental
margin and permafrost regions. Since they increase the
shear strength of the host sediment, they increase slope
stability. Sediments containing gas hydrates also form an
impermeable layer trapping gas beneath it, which could
form a future energy resource. Higher velocities than that of
water-filled, normally compacted marine sediments can be
attributed often to the presence of gas hydrate [Chand and
Minshull, 2003]. However, it has been observed that
presence of gas hydrate can increase attenuation even
though the stiffness of the composite matrix is increased.
Here we assess the cause of the increase of attenuation with
hydrate saturation through mechanisms of fluid flow. We
make use of a dataset that includes measurements of
compressional and shear wave velocities (Vp, Vs) and
attenuation (here defined as Qp

�1 and Qs
�1) and the physical

properties and composition of the host sediment. The
dataset comprises borehole measurements from sand rich
sediments in the Mallik 2L-38 well, Mackenzie Delta area
[Guerin and Goldberg, 2002].

2. Attenuation Mechanisms

[3] Proposed mechanisms for attenuation in composite
materials include the effects of wetting on grain boundaries
[Johnston et al., 1979], macroscopic fluid flow [Biot,
1956a, 1956b], inter-crack squirt flow [Mavko and Nur,
1975], intra-crack flow [Mavko and Nur, 1979], viscous
shear relaxation [Walsh, 1969], flow between macroscopic
regions of total and partial saturation [White, 1975], scat-
tering [McCann, 1969] and friction [Walsh, 1966].
[4] However, most of these mechanisms can be ruled out

for the case of seismic attenuation in hydrate-bearing sedi-
ments. Frictional attenuation is only important at very high
strain (>10�6) [Walsh, 1966], scattering is important only at
wavelengths comparable to the size of the grains [McCann,
1969] and viscous fluid effects are important only for fluids
of high viscosity [Walsh, 1969]. Attenuation is negligible in
dry rocks [Tittmann, 1977], and is strongly dependent on the
degree of fluid saturation in rocks containing a free fluid
phase [Murphy et al., 1986]. Attenuation is also strongly
dependent on effective pressure [Winkler and Nur, 1982],
decreasing by at least an order of magnitude between
ambient pressure and 40 MPa.
[5] Biot’s [1956a, 1956b] comprehensive theory of wave

propagation in fluid saturated media considers a two-
component medium composed of a compressible fluid,
which fills the interstices of a compressible porous frame
that has shear stiffness and interconnected void spaces.
When the rock frame is deformed by an acoustic wave,
shear stresses are generated within the pore fluid. These
stresses decay exponentially away from the pore wall with a
viscous skin depth that decreases with increasing frequency.
Thus, the average overall motion of the fluid may be
partially out of phase with the motion of the rock frame
and part of the total energy loss will be caused by relative
motion between the fluid and frame. Dissipation reaches a
peak when the viscous skin depth is comparable to the pore
size. At low frequencies the skin depth is much larger than
the pore diameter, shear stresses are small and viscous
energy dissipation is minimal. At high frequencies the skin
depth is very small, creating large shear stresses in a very
small volume near the pore wall and again energy dissipa-
tion is small. However, at intermediate frequencies where
the viscous skin depth is comparable to the pore size,
moderate shear stresses exist throughout the pore volume
and maximum energy dissipation occurs [Winkler and Nur,
1982]. McCann and McCann [1985] extended Biot’s model
to include a realistic distribution of pore sizes and were able
to predict the variation of attenuation with frequency for
unconsolidated water-saturated sands.
[6] Another attenuation mechanism due to fluid is inter-

crack squirt flow which may result in significant attenuation
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at seismic to ultrasonic frequencies, for both fully saturated
[Mavko and Nur, 1975] and partially saturated rocks [Mavko
and Nur, 1979]. Biot’s theory seems to predict values of
attenuation which are too low to explain the observations,
while a squirt flow model predicts the observed values. In
partially saturated rocks, compressional wave attenuation is
much larger than in fully saturated rocks. Again here also
squirt flow can explain the mechanism [Mavko and Nur,
1979]. Every crack is partially saturated with the liquid
phase wetting the crack surfaces and accumulating at crack
tips or at constrictions along the length of the crack.
Compression of cracks causes liquid to flow into regions
occupied by gas, resulting in viscous energy losses. Bulk
compression causes every crack to compress and contribute
to the attenuation. Pure shear deformation however does not
affect cracks suitably oriented with respect to the stress axes
and so results in less attenuation.
[7] Biot’s model and the squirt flow model are inferred to

act at different length scales. Hence the influence of fluids
on attenuation can be represented by a combined poro-
elastic wave equation including both Biot and squirt flow
(BISQ) mechanisms. In Dvorkin and Nur’s [1993] BISQ
model the attenuation is considered to be due to viscous
friction losses during the flow of fluid imposed by the
passing wave. This mechanism appears to dominate seismic
wave scattering even at frequencies as high as 1 MHz. The
model assumes that the Biot flow takes place in the
direction of wave propagation while squirt flow takes place
perpendicular to it. The BISQ model relates the dynamic
poro-elastic behaviour of a saturated rock to traditional
poro-elastic constants, porosity, permeability, fluid com-
pressibility and viscosity, and the characteristic squirt flow
length. Similar models combining Biot flow and squirt flow
have been developed by others [Parra, 2000]. We use an
anisotropic model based on constitutive relations, i.e., the
total stress tensor of the anisotropic porous medium and the
stress tensor in the pore fluid, the momentum balance
equation for total stress, and the generalized Darcy’s law
in the framework of Biot’s theory [Parra, 2000].

3. Attenuation Model

[8] We use an approach based on the self consistent
approximation (SCA) and differential effective medium
theory (DEM) [Jakobsen et al., 2000] to relate the seismic

properties of hydrate-bearing sediments to their porosity,
mineralogy, micro-structure, clay particle anisotropy and
hydrate saturation. The initial SCA medium is created using
clay and hydrate assuming hydrate is cementing the medium
thus increasing the strength of the composite from low gas
hydrate saturation [Chand et al., 2004]. We extend this
model to include the attenuation effects by including the
effects of fluid flow through sediment and hydrate on
wave velocities and amplitudes. The amount of attenuation
due to fluid flow through the sediment microstructure as
well as the hydrate matrix is separately estimated using a
poro-elastic model [Parra, 2000]. The dry hydrate-bearing
sediment modulii are derived using Gassman’s equation.
[9] The solutions for the poro-elastic equation [Parra,

2000] in terms attenuations are given by

Q�1
p ¼

2imag kp
� �

real kp
� � ; Q�1

s ¼ 2imag ksð Þ
real ksð Þ ; where
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where, the sm and hm is the type of matrix, sediment and
hydrate respectively, H is percentage of hydrate saturation,
r is 0.5 for spheres and changes with grain aspect ratio, rf is
the fluid density, R is the squirt flow length, w is the angular
frequency, k is the intrinsic permeability, f is the porosity,
b represents the compressibility coefficient of the undrained
hydrate-bearing sediment matrix, J0 and J1 are the complex
Bessel functions of zero and first order of the first kind,
l and m are Lame’s coefficients of the drained hydrate-
bearing sediment and hydrate matrix, Ks and Kf are the bulk
modulus of the grain and fluid. The grain moduli are
calculated using the Hill’s average of the individual grain
moduli. Sediment and hydrate have different microstruc-
tures, as occurs when there is ice in the pore space [Durham
et al., 2003]. The hydrate itself is highly porous with
porosity ranging from 0.29 to as much as 0.84 [Durham et
al., 2003; Kelkar et al., 1998]. Physical constants used are
given in Table 1.
[10] The model predicts that both P and S wave attenu-

ations increase with hydrate saturation. For hydrate satu-
rations above 15–20%, attenuation also increases with
frequency until it reaches a peak which is related to the
hydrate permeability and then decreases (Figure 1). The

Table 1. Parameters Used in the Models

Parameter Value

Quartz bulk modulus 36 GPa [Carmichael, 1982]
Quartz shear modulus 45 GPa [Carmichael, 1982]
Quartz density 2650 kg/m3 [Carmichael, 1982]
Clay bulk modulus 20.9 GPa [Mavko et al., 1998]
Clay shear modulus 6.85 GPa [Mavko et al., 1998]
Clay density 2580 kg/m3 [Mavko et al., 1998]
Hydrate bulk modulus 7.7 GPa [Waite et al., 2000]
Hydrate shear modulus 3.2 GPa [Waite et al., 2000]
Hydrate density 910 kg/m3 [Waite et al., 2000]
Water bulk modulus 2.32 GPa [Carmichael, 1982]
Water density 1030 kg/m3

Viscosity of water 2.04 � 10�3 Pa s
Permeability (sediment) 5 � 10�13 m2 [Katsube et al., 1999]
Permeability (hydrate) 5 � 10�11 m2

Porosity (hydrate) 0.29
Frequency (P and S waves) 12000 Hz, 2500 Hz
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frequency at which attenuation peaks depends very much on
the competing effects of the medium being strengthened by
hydrate saturation while the attenuation increases due to a
higher proportion of fluid flow in the hydrate matrix.

4. Application to Mallik 2L-38 Well Data

[11] The Mallik 2L-38 well was drilled in a permafrost
area with permafrost thickness of 640 metres in the
Mackenzie Delta area of Canada [Collett et al., 1999].
NMR spectroscopy as well as Raman spectroscopy and
gas to water ratios from a dissociation test showed that the
hydrate in the well has properties similar to those of
Structure I hydrates [Uchida et al., 1999]. Archie’s law
interpretation of resistivity logs suggests that gas hydrate
occupies an average of 47% of the void space increasing
locally to 80% (Figure 2b) [Winters et al., 1999]. Pore
waters from the gas-hydrate-bearing samples had an average
salinity of 8 ppt compared to 34 ppt for non-gas-hydrate-
bearing samples, suggesting that up to 80–90% of the pore
space in the gas-hydrate-bearing sediment filled with gas
hydrate [Cranston, 1999]. Borehole seismic data are also
consistent with up to 80% hydrate saturation [Lee and
Collett, 1999; Chand et al., 2004].
[12] Log data from the Mallik well are summarized in

Figure 2. The log measurements were made at 12 kHz and
2.5 kHz for compressional and shear waves respectively
[Guerin and Goldberg, 2002]. Since the clay content was
measured directly only at few depths, estimates based on
gamma ray data were used [Katsube et al., 1999; Chand et
al., 2004]. We used resistivity derived hydrate saturations,
compressional and shear wave velocities and other physical
parameters to predict the attenuation using our model. The
predicted attenuations are comparable to the observations

(Figures 2c, 2d, and 3). Errors in the predicted values may
be attributed to errors in the hydrate saturation inferred from
resistivity and to a lesser extent to unmodelled changes in
sediment matrix attenuation.

5. Discussion

[13] Attenuation is primarily due to fluid flow within
formations. The mechanisms due to fluid flow include the
viscous and inertial flow in the direction of wave propaga-
tion and perpendicular to it. We observed that, when hydrate
forms as a framework within the sediment framework, it has
its own fluid flow properties that are different from those in
the sediment matrix. Our modelling predicts an increase in
attenuation with hydrate saturation and frequency. But the
frequency dependent variation depends on the competing
factors of sediment strengthening due to hydrate formation

Figure 1. a) P-wave attenuation predicted for sediment
with equal amounts of clay and quartz as a function of
frequency (Hz) and hydrate saturation (%), b) S wave
attenuation predicted for the same sediment.

Figure 2. Data from Mallik 2L-38 well, Mackenzie Delta,
Canada used in the present study. a) Vp and Vs data from
acoustic log measurements [Collett et al., 1999] b) clay
content (black line) [Chand et al., 2004] and hydrate
saturation (grey line) [Winters et al., 1999] c) Compres-
sional wave attenuation (Qp

�1) observed (black line) and
calculated (grey line) (root mean square (RMS) misfit is
13%) d) Shear wave attenuation (Qs

�1) observed (black line)
and calculated (grey line) (RMS misfit is 11%) [Guerin and
Goldberg, 2002]. (The data are smoothed and sampled at
5 m intervals).

Figure 3. Observed attenuation versus predicted attenua-
tion using resistivity derived hydrate saturation and
compressional and shear wave velocities for Mallik 2L-38
well dataset for compressional (plus sign) and shear (dot
sign) wave attenuations. Regression fits for both Qp

�1 (thick
line) and Qs

�1 (thin line) are also shown.
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and increase of attenuation due to increased fluid flow in
the hydrate pore space. The peculiar pattern predicted is
justified by observations at a range of frequencies [Pratt et
al., 2003; Guerin and Goldberg, 2002]. The compressional
wave attenuation estimated from cross hole tomography
data is observed to increase with hydrate saturation to a
maximum of 0.2 with 150–500 Hz in the Mallik field [Pratt
et al., 2003] in zones where similar attenuation is measured
at 12000 Hz [Guerin and Goldberg, 2002]. This similarity
can be explained to be due to the fact that these frequencies
lie on either side of the peak attenuation frequency band
(Figure 1a). Using bore hole data from Mallik 2L-38 well,
we are able to relate this increase in attenuation to hydrate
saturation. It is also clear that the major influence on
attenuation at frequencies above �200 Hz comes from
hydrate, and hence any change in attenuation within hydrate
stability zone can be directly related to variations in gas
hydrate saturation.

6. Conclusions

[14] From our modelling study, we can draw the follow-
ing conclusions:
[15] 1. Most of the available mechanisms for attenuation

in composite media predict decreasing attenuation with
increasing bulk and shear moduli. Hence, in the case of
hydrate-bearing sediments, attenuation is expected to
decrease as hydrate content increases.
[16] 2. Borehole sonic log data from the Mallik 2L-38

well and cross hole tomographic data from the Mallik field
indicate the opposite effect.
[17] 3. These unexpected observations may be explained

by an energy loss mechanism involving fluid flow through
pores that are within the hydrate matrix.
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