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Assessment of gas-hydrate saturations in the Makran accretionary
prism using the offset dependence of seismic amplitudes

Maheswar Ojha’, Kalachand Sain', and Timothy A. Minshull?

ABSTRACT

We estimate the saturations of gas hydrate and free gas
based on measurements of seismic-reflection amplitude vari-
ation with offset (AVO) for a bottom-simulating reflector
coupled with rock-physics modeling. When we apply the ap-
proach to data from a seismic line in the Makran accretionary
prism in the Arabian Sea, the results reveal lateral variations
of gas-hydrate and free-gas saturations of 4-29% and
1-7.5%, respectively, depending on the rock-physics model
used to relate seismic velocity to saturation. Our approach is
simple and easy to implement.

INTRODUCTION

Gas hydrates are crystalline solids of methane and water formed at
high pressure and low temperature (Kvenvolden, 1998; Sloan,
1998). They have attracted attention because of their widespread oc-
currence in permafrost and outer continental margins, their potential
as a future major energy resource, and their role in climate change
and geohazards (Dillon et al., 1991; Paull et al., 1991; Paull and Dil-
lon, 2001; Milkov, 2004; Taylor and Kwan, 2004; Makogon et al.,
2007). The identification and quantification of gas hydrates are es-
sential to evaluate their resource potential and to assess their associ-
ated environmental hazard.

Gas hydrates can be identified on multichannel marine seismic re-
flection data by mapping an anomalous bottom-simulating reflector
(BSR), which marks the base of the high-pressure and relatively
low-temperature zone in which hydrates are stable (Andreassen et
al., 1990, Kvenvolden et al., 1993). Seismic reflections from BSRs
exhibit a wide range of amplitude variation with offset (AVO) char-
acteristics that depend upon the saturation and distribution of hy-
drates above and free gas below the BSR (Hyndman and Spence,
1992; Andreassen et al., 1997; Ecker et al., 1998; Yuan et al., 1999;
Carcione and Tinivella, 2000).

Hydrates may form part of the pore fill or part of the rock matrix;
where present, gas may be distributed uniformly or in patches
throughout the pore space (Dvorkin et al., 1999; Helgerud et al.,
1999). Uniform and patchy gas distributions yield different AVO be-
haviors because of velocity dispersion in partially gas-saturated sed-
iments (White, 1975; Lee, 2004). We assume a uniform distribution
of free gas below the BSR, although our method can be adopted for
patchy saturation. Overpressure in the trapped gas also affects the
AVO responses, but its effect is hard to isolate from the effect of gas
on P-wave reflection data because both overpressure and free gas
can cause low P-wave velocity (Tinivella, 2002).

In the hydrocarbon industry, AVO attributes have gained consid-
erable popularity for predicting lithology and reservoir characteris-
tics (Castagna and Backus, 1993; Castagna and Smith, 1994; Casta-
gnaetal., 1998). Several workers (Hyndman and Spence, 1992; An-
dreassen et al., 1997; Ecker et al., 1998; Yuan et al., 1999; Carcione
and Tinivella, 2000; Chen et al., 2007) estimate hydrate and/or gas
saturations from BSRs using conventional AVO modeling and vari-
ous rock-physics models.

Here, we present a simple approach that compares the AVO inter-
cept A and gradient B estimated from the BSR with those values
from two gas-hydrate models to quantify the saturations of gas hy-
drate and free gas across a BSR. For a theoretical calculation of A
and B values, we use the Biot-Gassmann theory by Lee (2002)
(BGTL) and the effective medium theory (EMT) of Helgerud et al.
(1999); in both, hydrates are considered part of the sediment frame.
We demonstrate through a field example in the Makran accretionary
prism (Minshull et al., 1992; Sain et al., 2000) that a plot of A versus
B can be used to detect free gas below the BSR and to quantify the
amount of hydrate and gas along a seismic reflection profile.

THEORY

For a plane wave incident at an interface between two semi-infi-
nite isotropic homogeneous elastic half-spaces and for angles of in-
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cidence 6 up to ~30°, the P-wave reflection coefficient R( #) can be
expressed as (Shuey, 1985)
R(6)=A + Bsin® 0, (1)

where
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The values Vp, Vs, and p are the P-wave velocity, S-wave velocity,
and density, respectively. Subscripts 1 and 2 represent the parame-
ters of overlying and underlying layers, respectively. Equations 1
and 2 are valid for large negative A for anegative impedance contrast

across an interface (Shuey, 1985; Castagna et al., 1998) and to about
A = 0.2 for a positive impedance contrast (Shuey, 1985).

Table 1. Parameters used in theoretical calculations (from
Lee, 2002).

Bulk modulus Shear modulus P
Component (GPa) (GPa) (g/em?)
Quartz 36 45 2.65
Clay 20.9 6.85 2.58
Hydrate 6.41 2.54 0.91
Methane® 0.067 — 0.20
Water 2.25 — 1.00

Critical porosity = 36%
Number of grains/contact = 9
*From Ghosh and Sain (2008)

To interpret seismic data in terms of hydrate content, one needs to
establish a relation between hydrate saturation in sediments and
their velocity. Lee et al. (1996) develop a weighted-equation model
in which hydrate velocities are a weighted sum of Wyllie’s time-av-
erage equation (Wyllie et al., 1958) and Wood’s equation (Wood,
1941). However, the weighted-equation model is not based on phys-
ical principles and requires empirical calibration. The velocities pre-
dicted from the cementation theory proposed by Dvorkin and Nur
(1996) are much higher than those normally observed in nature
(Ecker et al., 1998). Helgerud et al. (1999) introduce an EMT that
considers the hydrate as part of the rock frame and successfully ap-
ply their approach to P-wave velocity data from site 995 of ODP leg
164 in the Blake Ridge area. Lee (2002) proposes a method based on
Biot-Gassmann theory to relate the elastic properties of sediments to
those of the matrix and the pore fluid. Several researchers (Chand et
al., 2004; Dai et al., 2004) compare various models and find modest
variations in the pattern of velocity with hydrate saturation if the
same mineralogy and values of elastic constants are assumed.

Here, we use the EMT and BGTL models to calculate A and B for
various gas-hydrate and free-gas saturations. In the absence of direct
sampling, we assume quartz and clay as mineralogical constituents
for the sediment matrix in the Makran (Sain et al., 2000). For a sea-
floor porosity ¢, of 60% (Fowler et al., 1985) and a compaction con-
stant A of 1.17 (Minshull and White, 1989), the porosity at the depth
of the BSR (~510 m below the seafloor) is calculated as 39% using
Athy’slaw (¢(z) = poe'~7Y).

Other parameters used in our calculation, taken from Lee (2002),
are shown in Table 1. The density and bulk modulus of methane are
calculated to be 0.2 g/cm?® and 67 MPa, respectively, at approxi-
mately 21°C and 26.34 MPa pressure (Ghosh and Sain, 2008) at
BSR depth using Batzle and Wang’s relation (1992). We use a back-
ground P-wave velocity (in the absence of gas or hydrate) of
2000 m/s obtained from the normal-moveout (NMO) interval veloc-
ity (described in the next section) for both rock-physics models at the
BSR depth. The velocity and porosity values correspond to a compo-
sition of 10% clay and 90% quartz using the EMT model. Assuming
the same composition of clay and quartz, the value of consolidation
constant m (Lee, 2004) is adjusted to 2.13 in the BGTL model to ob-
tain a background velocity of 2000 m/s at the BSR depth. We use the
Biot coefficient B = —68.7421/(1 + ¢!#*+040639/0.09425) + (). 98469
for unconsolidated marine sediment (Lee, 2002, 2004) in the BGTL
model. The P- and S-wave velocities decrease with increasing 3 at a
given porosity. A reasonable value of B can be calculated by least-
squares fitting of the observed data for a range of porosities (Lee,
2002).

We first compute the A and B attributes using equation 2 by vary-
ing the hydrate saturation from 0% to 80% at 5% intervals for fixed
gas saturations of 0%, 1%, 2%, 5%, and 10% below the BSR. Above
approximately 10% gas saturation, the P-wave velocity remains al-
most unchanged. The resulting variations of A as a function of B for
10% =+ 5% clay content at 39% porosity and 39% = 2% porosity at
10% clay content are shown in Figures 1 and 2, respectively, to dem-
onstrate the effects of clay content and porosity. The porosity is more
sensitive than the mineralogical composition to the change in A and
B values. InA-B space, a hydrate/brine BSR falls in the second quad-
rant (negative A and positive B) and is treated as a reference model.
The A and B values clearly deviate from this reference trend in the
presence of gas below the BSR.
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FIELD DATA

We compute the AVO attributes from seismic data (Figure 3) that
show a clear BSR in the Makran accretionary prism (Minshull et al.,
1992; Sain et al., 2000). The data have 24 traces in each common
depth point (CDP) with a maximum offset of 2559 m and dominant
frequency of approximately 35 Hz. A representative supergather of
CDPs 4378 and 4379 is displayed in Figure 4. The BSR reflection
coefficients are calculated from the amplitudes of the seafloor reflec-
tion, the BSR, and the first multiple of the seafloor reflection using
the approach of Warner (1990). The data-processing sequence in-
cluded a band-pass filter (4-8-50-60 Hz), a spherical-divergence
correction [ 1/(time X velocity?)], minimum-phase spiking decon-
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Figure 1. Theoretical crossplots between intercept A and gradient B
computed using varying saturations of gas hydrates with several
fixed saturations of free gas based on (a) BGTL and (b) EMT models
prepared for 10% = 5% clay content and 39% porosity. Running av-
erages of A and B values (plus signs) estimated for various CDPloca-
tions are superimposed.

O N )
: -+ 0% free gas - 0% free gas
« 1% « 1%
] 2% ] 2% |
0.5 - 5% - 5%
+10% +10%
041 Background ] Background |
\ trend trend
0.3 '\ ] \ |
0 \
‘qc'; \
5 0.2 - Foo +
@ \
© 0.1 Foo I
Increasing N\
0.0+ A—T 1 i h 3
hydrate % T4 Increasing \ N
5 hydrate % %,
+ 9
—-0.1 Foo 3
0.2 41%39% 37% ¢ 41%39% 37% ¢

-05 -04 -03 -0.2 -0.1 -0.0 0.5 -0.4 -0.3 -0.2 -0.1 -0.0
Intercept A Intercept A

Figure 2. Theoretical crossplots between intercept A and gradient B
computed using varying saturations of gas hydrates with several
fixed saturations of free gas based on (a) BGTL and (b) EMT models
prepared for 39% =+ 2% porosity ¢ and 10% clay content. Running
averages of A and B values (plus signs) estimated for various CDP
locations are superimposed.

volution, an NMO correction, and trace equalization. The trace-to-
trace or very short wavelength variations are assumed to be noise
and need to be eliminated. Trace equalization compensates for am-
plitude variations from abnormal shot strength and receiver cou-
pling. However, it should be applied very cautiously within a long
gate time window (e.g., seafloor to first multiple of seafloor) at the
end of all processing steps (Ostrander, 1984; Yu, 1985). Hydrophone
directivity is corrected using the function of Sheriff and Geldert
(1995). No source directivity correction is applied because the
source was of limited spatial extent (Sain et al., 2000).

The rms amplitudes were picked for a time window of 40—50 ms
around the BSR between CDPs 4340 and 4500, where the BSR is
strong and relatively flat. The time window was chosen to yield a re-
liable result despite the change in BSR waveform at CDP 4450. Ve-
locity analysis has been carried out at a 10-CDP interval (225 m).
We used vertically smoothed (20 ms), spatially averaged NMO in-
terval velocities (Figure 5) to calculate angles of incidence at the
BSR using ray theory. Offsets of up to 1610 m have incidence angles
of less than 30° and were considered in the analysis; results differed
little if a 25° threshold was taken instead. Reflector depths were ob-
tained by converting the velocity-time function into a velocity-depth
function with the Dix formula. A straight line was fit to the averaged
interval velocities (Figure 5), which gives a reference velocity of
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Figure 3. Seismic stacked section along a south-north seismic line in
the Makran accretionary prism. Inset shows the study area. The BSR
shows crosscutting with dipping strata, opposite polarity with re-
spect to the seafloor reflection, and mimicking of the seafloor topog-
raphy.
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Figure 4. A representative NMO-corrected supergather of CDPs
4378 and 4379, showing reflections from the seafloor, BSR, and first
multiple of seafloor reflection. Amplitudes of the multiple and sea-
floor are used to calculate reflection coefficients of the BSR.
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2 km/s at the BSR depth. This velocity was used to calibrate the
rock-physics models.

The A and B values and their associated uncertainties (Figure 6a)
were derived by weighted least-squares fitting for each supergather
of two consecutive CDPs across the section. A running average
of A and B over CDP location was superimposed on the theoretical
nomogram (Figures 1 and 2). The running average removes noise
from estimated A and B values and potentially reveals lateral chang-
es in hydrate and gas content. Figure 6b illustrates the estimated hy-
drate and gas saturations, with their uncertainties resulting from un-
certainties in A, B, and porosity.

DISCUSSION

The A and B attributes are a measure of the normal incidence re-
flection coefficient (P-wave impedance contrast) and change in
Poisson’s ratio (a function of P- and S-wave velocities), respectively.
Hence, the A-B crossplot coupled with rock-physics modeling is an
important tool for estimating gas hydrate and free gas, respectively.
The BGTL model shows almost linear trends with hydrate and gas
saturations, whereas the EMT model is more nonlinear (Figures 1
and 2). Atlow hydrate saturations (<10%), the V;/ Vs ratio increases
with hydrate saturation because the EMT model predicts little varia-
tion in Vs at low hydrate saturation. This complex behavior suggests
that it will be difficult to estimate hydrate and gas saturations with
the EMT approach when hydrate content is low. The EMT theory
predicts higher S-wave velocity than the BGTL theory for any pro-
portion of clay (or quartz) at a specified porosity (for porosity
>30%) and vice versa (Lee, 2002; Ojha and Sain, 2008). Thus, the
predicted background V;/ Vi ratio for the EMT model is always less
than that for the BGTL model, and the EMT model always predicts
higher hydrate saturation than that of the BGTL model. The BGTL
model is more realistic in the case of quantification from Vp and Vi
together.

The uncertainties in hydrate saturation resulting from uncertain-
ties in A are small for both models (Figure 6). The maximum uncer-
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Figure 5. Thin lines show smooth NMO interval velocity functions
at 10-CDP intervals between CDPs 4340 and 4500. Thick, solid line
shows spatially averaged interval velocity with depth. Dashed line is
a straight line fitted to the averaged interval velocity (solid line).

tainty in hydrate saturation from uncertainties in B is =1.5% for
EMT and £1.0% using BGTL. The corresponding uncertainties in
gas saturation for both models are less than +0.12%. The largest un-
certainties come from the EMT-based estimate from error in porosi-
ty. Additional uncertainties in estimates of gas saturation come from
errors in the assumed density and bulk modulus of the gas, which are
dependent on pressure and temperature.

The presence of gas-rich/gas-poor dipping strata, which produce
tuning-related highs and lows in amplitude and velocity variations in
the gas zone below the BSR (Figure 5), complicate the analysis. By
using a supergather of two consecutive CDPs and running an aver-
age of A and B values over a CDP profile, the A-B crossplot method
gives an overall idea of hydrate and gas in the region. AVO modeling
of a synthetic seismogram (Figure 7) shows that the crossplot tech-
nique works well where the gas layer is thicker than 10 m. As the
thickness of the gas layer decreases below this threshold, amplitude
increases with offset because of tuning between the top and bottom
of the gas layer. In an area where the gas layer thickness is unknown,
the crossplot technique can extrapolate interpretation away from a
few selected locations where more time-consuming waveform in-
version or modeling techniques are applied, as long as the gas layer
is greater than 10 m thick. Tuning effects can lead to localized peaks
and troughs in A and B values. By using running means of A and B
values over several CDPs, we can remove most of these artifacts.

The full waveform inversion analysis of two CDP supergathers
from the same data set shows that the gas layer is indeed greater than
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Figure 6. (a) A and B values (with error bars) against CDPs, estimat-
ed based on weighted least-squares fit and then running average for a
<30° angle (1610 m offset). (b) Hydrate and gas saturations against
CDPs, estimated by EMT and BGTL models at 39% = 2% porosity
and 10% clay content. Error bars are attributable to errors in A (small
bars) and B (large bars) at 39% porosity.
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10 m thick (Sain et al., 2000). Using high-frequency (up to 650 Hz)
deep-towed multichannel seismic data, Chapman et al. (2002) delin-
eate a thin, 4—8-m negative-velocity-gradient layer at the BSR on
the Vancouver Island margin. However, at lower frequencies, as
used here, such thin layers may not be resolved, and the BSR com-
monly appears as a single interface overlying a thick low-velocity
zone (e.g., Hyndman and Spence, 1992; Andreassen et al., 1997,
Eckeretal., 1998; Yuan et al., 1999; Carcione and Tinivella, 2000).

Gas hydrates may be distributed in concentrations that are lateral-
ly and vertically variable, controlled by heterogeneities in lithology,
permeability, and methane transport (Ruppel and Kinoshita, 2000;
Trehu et al., 2004; Riedel et al., 2006; Collett et al., 2008; Malinv-
erno et al., 2008). An identifiable reflector is always needed to apply
an AVO technique such as the A-B crossplot; in the case of gas-hy-
drate exploration, the reflector is the BSR. The crossplot technique
can be used as an effective tool on a regional scale to assess the gas
hydrate and free-gas saturation at the BSR.
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Figure 7. Modeled amplitudes of the BSR normalized with respect to
the seafloor for several thicknesses of hydrate and free-gas layers (in
sets). Velocity-depth functions are computed using BGTL theory for
20% hydrate and 2% gas with a Q-factor of 250 and 150 (Singh and
Minshull, 1994), respectively. The synthetic seismograms are gener-
ated using the reflectivity method (Fuchs and Mueller, 1971) with
the frequency band of 2—10-80-94 Hz. (a, b) Thick gas layers re-
sult in negligible tuning effects. However, considerable effects are
observed (c) when the underlying gas layer is <10 m thick.

CONCLUSIONS

The A-B crossplot is a nomogram for various rock-physics mod-
els from which we can understand whether the BSR is underlain by
gas and then directly estimate hydrate and gas content. The A and B
values derived from the BSR in the Makran accretionary prism
clearly deviate from the reference trend and thus indicate the pres-
ence of gas below the BSR. The EMT model indicates a hydrate satu-
ration of 14-29% and a gas saturation of 1-6%, whereas the BGTL
model indicates 4-15% hydrate and 1-7.5% gas, respectively,
which varies laterally (Figure 6b). The AVO attribute analysis is sim-
ple and easy to implement across a wide area to estimate hydrate and
gas saturations at a BSR.
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