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Abstract Seismic properties of sediments are strongly

influenced by pore fluids. Stiffness of unconsolidated mar-

ine sediment increases with the presence of gas hydrate and

decreases with the presence of gas. A strong bottom-simu-

lating reflector (BSR) observed on a seismic profile in the

Makran accretionary prism, offshore Pakistan, indicates the

presence of gas hydrate and free-gas across the BSR. Elastic

properties of gas depend largely on pressure and tempera-

ture. We, therefore, first determine the elastic modulus of

gas at pressure and temperature calculated at the BSR depth

in the study region. The interval velocities derived from the

seismic data are interpreted by the effective medium theory,

which is a combination of self-consistent approximation

and differential effective medium theories, together with a

smoothing approximation, for assessment of gas hydrate

and free-gas. The results show the saturations of gas hydrate

and free-gas as 22 and 2.4% of pore space, respectively,

across the BSR.

Keywords Gas hydrate � Elastic property � EMT �
Interval velocity � Makran offshore

Introduction

Natural gas hydrates are ice-like crystalline compounds

composed of hydrogen-bonded water cages and entrapped

‘‘guest’’ gas (mainly methane) molecules (Sloan 1998,

2003). Gas hydrate is stable at high pressure and moder-

ately low temperature in shallow sediments on the outer

continental margins, deep inland seas and permafrost

regions. Huge amounts of methane are believed to be

trapped in the form of gas hydrate and as underlying free-

gas (Makogon et al. 2007; Klauda and Sandler 2005;

Milkov 2004; Ahlbrandt 2002; Kvenvolden 1998a, b). This

large reservoir of methane is considered to be a viable

source of future energy resource. The dissociation of gas

hydrate also has a strong effect on climate change and the

sub-sea slope stability (Sloan 1998; Kvenvolden 1998a, b).

Therefore, gas hydrate has been a topic of interest to the

scientific community from the standpoint of both the

resource potential and environmental hazard. Thus, it is

essential for the community to develop new methods to

identify and quantify gas hydrate by less expensive remote

techniques.

Seismic reflection profiling is the best technique for

remotely probing hydrate-bearing sediments few hundred

meters below sea floor (mbsf) and lying beneath another

few hundred meters of water column. The presence of gas

hydrate increases both the P- and S-wave seismic velocities

of sediments, whereas underlying free-gas reduces the

P-wave velocity considerably, but hardly affects the

S-wave velocity. Interpreting seismic velocities in order to

deduce the amount of gas hydrate requires a relationship

between the hydrate fraction in the sediments and the

elastic properties of the sediment composites. Till to day,

the role of gas hydrate in altering the elastic properties of

the hydrate-bearing sediment is not well understood. A

range of rock physics models, including (such as): (1) time

average equations (Miller et al. 1991; Bangs et al. 1993;

Wood et al. 1994); (2) the weighted equation (Lee et al.

1996; Lee and Collett 1999, 2001); (3) the pore-filling

model (Hyndman and Spence 1992); (4) the cementation

theory (Dvorkin and Nur 1993; Guerin et al. 1999; Sakai

1999); (5) effective medium theories (Helgerud et al. 1999;
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Jakobsen et al. 2000) have been developed to interpret

seismic velocity in terms of saturations of gas hydrate and

free-gas. The advantage of models based on empirical

relations (1–4) is that they are formulated from real data

and simple to apply. However, they may not be applicable

in areas with rock properties different from where they

were formulated.

Here, we model the elastic properties of the sediment and

thereby estimate gas- hydrate and free-gas saturations using

an effective medium theory (EMT), which is a combination

of self-consistent approximation (SCA, Willis 1977) and

differential effective medium (DEM, Nishizawa 1982) the-

ory coupled with smoothing approximation. The combined

SCA-DEM theory was originally introduced to determine

the elastic properties of sedimentary rock (Sheng 1990,

1991) and shale (Hornby et al. 1994). Both SCA and DEM

methods find out the effective elastic moduli of a medium

from the individual components and their geometry. The

effective medium is developed by embedding inclusions of

one material within another material. In unconsolidated

marine sediments, grains and pore fluids are fully connected

(bi-connected medium) at all realistic porosities. However,

SCA and DEM separately cannot model bi-connected media

at all porosities. SCA produces bi-connectivity within 40–

60% porosity but is not valid above 60% porosity. DEM

models micro-structure of a medium, but it depends abso-

lutely on whether the starting medium is bi-connected or not.

Therefore a bi-connected medium produced by SCA within

40–60% porosity is used as the starting phase and then DEM

is used to calculate the effective elastic properties preserving

the bi-connectivity of the medium at all porosities. Jakobsen

et al. (2000) modified the theory to determine the elastic

property of gas hydrate-bearing sediment, an approach

which we follow for our modeling. Later, Taylor and Singh

(2002) applied the EMT to find out the microscopic prop-

erties of magma bodies. Chand et al. (2004) has shown a

general comparison between the EMT and other rock

physics models through field examples.

Seismic reflection data acquired in the Makran accre-

tionary prism, Arabian Sea (Fig. 1a) indicates gas hydrate

and free-gas (Minshull and White 1989; Sain et al. 2000)

across a strong bottom simulating reflector (BSR; Fig. 1b)

at the depth *510 mbsf. The EMT is applied to determine

the elastic properties of the sediment in order to quantify

the gas hydrate and free-gas using the derived interval

velocity across the BSR.

Geology of the Makran accretionary prism

The Makran accretionary prism (Fig. 1a) originated as a

result of the subduction of the Arabian plate under the

Eurasian plate throughout the Cenozoic (Harms et al. 1984;

White 1982). The accretionary prism not only grew seaward

by accretion of trench fill sediments, but also by progra-

dation of the slope, shelf and coastal plain. The rate of

growth of the Makran prism seaward is 10 cm/year (White

1982; Platt et al. 1985). Vernant et al. (2004) used GPS data

to estimate convergence velocities of 2.7 cm/year in the

western Makran. The sedimentary rocks within the accre-

tionary complex are largely recycled from the material

eroded from the India–Eurasia collision belt and the Late

Oligocene to Middle Miocene was characterized by depo-

sition of turbidites along the margins of southeastern Iran

and southwestern Pakistan (Fruehn et al. 1997). The modern

Makran accretionary prism has developed since the Late

Miocene (Platt et al. 1985, 1988). The sediments entering

the deformation front of the Makran accretionary prism

consist of a lower section of about 4 km thick interpreted to

be the Himalayan Turbidites derived from the Indus fan to

the east (Kopp et al. 2000) together with an upper 3 km

thick section of the Makran Sands derived from the north.

The Makran Sands lie unconformably above the Himalayan

Turbidites and are themselves covered by a thin layer of

shelf deposits. The Makran Sands unit (Middle Miocene to

Pliocene Makran) is assumed to consist largely of detritus

eroded from the growing Makran wedge itself, from the

Oman Mountains to the southwest (Schluter et al. 2002) and

also from the hinterland (Grando and McClay 2007).

Mud volcanoes have been found in several places along

the Makran coast. These are formed by gas-charged water

escaping to the surface (Minshull and White 1989; Schluter

et al. 2002). Accreted sediments show significantly higher

vertical velocity gradients than those of sediments entering

the prism; this change is interpreted as due to porosity

reduction as pore fluids are squeezed out of the compacting

sediments. The seismic evidence suggests a two-stage

compaction process, with rapid initial dewatering through

intergranular permeability as sediment enters the prism

followed by a build up of pore pressure as the permeability

decreases and fluid migration is restricted to fault zones

(Minshull and White 1989).

EMT modeling

It is assumed clay platelets form the skeleton of the sedi-

ment and is oriented in different directions but aligned

locally. Since the elastic properties of minerals like calcite,

feldspar, silt etc. are almost similar to that of quartz

(Jakobsen et al. 2000), we have approximated quartz as the

isolated inclusion or unconnected solid part of the matrix,

which even at relatively high concentration does not form

the connected phase. The modeling procedure of Jakobsen

et al. (2000) is adapted for gas hydrate bearing sediment

and discussed here. According to this theory two end
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member distributions of gas hydrate are considered: (1)

non-contact model- if gas hydrate occupies the pore space

without appreciable grain contact. In this model, gas

hydrate is a part of the pore fluid (Fig. 2a) and (2) contact

model- if gas hydrate forms a continuous matrix and

cements and coats the grain. In this model, gas hydrate is a

part of matrix (Fig. 2b). Roles of water and gas hydrate are

exchanged in these gas hydrate models.

The clay platelets in marine sediments commonly have a

preferred horizontal alignment which shows anisotropic

elastic behavior in the long wavelength (Hornby et al.

1994; Jakobsen et al. 2000). The clay platelets may orient

from completely aligned (transversely isotropic) to com-

pletely random (isotropic). The degree of anisotropy

depends on the specific orientation distribution of the clay-

platelets (Jakobsen et al. 2000; Hornby et al. 1994; Sayers

1994).

Non-contact model of gas hydrate

The starting medium for this model is composed of water

and clay whose effective elastic moduli are calculated by

the SCA/DEM method. Gas hydrate is then included by

replacing water (leaving the clay concentration unchanged)

until the desired gas hydrate concentration is achieved.

Here, the effective microstructure is connected clay (load-

bearing), connected water and unconnected gas hydrate

(non-load-bearing). Gas hydrate has the same aspect ratio

(1/20) and orientation as the clay platelets (Hornby et al.

1994; Jakobsen et al. 2000).

Fig. 1 a The location of study area in the Makran accretionary prism and b Seismic stacked section between CDPs 4,275–4,525, showing the

BSR and seafloor. CDPs 4,340–4,500, used for estimation of gas hydrate and free-gas are shown by a box

Fig. 2 Distribution of gas hydrate in pore space: a gas hydrate replaces pore-fluid—Non-contact model and b gas hydrate cements and coats

grain—Contact-cementing model

Mar Geophys Res (2008) 29:267–274 269

123



Contact model of gas hydrate

The role of gas hydrate and water are reversed for the

contact model with respect to the non-contact model. The

starting composite is clay–gas hydrate instead of clay–

water as in the case of non-contact model. The elastic

moduli are computed using combined SCA-DEM theory

with water replacing gas hydrate. The effective micro-

structure of this procedure is connected (load-bearing)

clay, connected (load-bearing) gas hydrate, and uncon-

nected (extremely low permeability, undrained stiffnesses)

water.

After incorporating the anisotropy due to orientation

distribution pattern of clay platelets, quartz is included in

the aggregated clay–water–gas hydrate composite using the

DEM method. The concentration of quartz is increased

successively from zero to the desired volume replacing all

other constituents in proportion to the volume fraction of

the inclusion (quartz) and other constituents. A spherical

inclusion model (aspect ratio of one) is used for quartz

(Jakobsen et al. 2000; Hornby et al. 1994).

Free-gas estimation

Free-gas is included in the clay–water composite using the

DEM theory by replacing water leaving clay unchanged.

Then quartz is included in the clay–water–gas composite.

The velocity of the effective medium for each case is

computed from the effective stiffness coefficients (Jakobsen

et al. 2000) of the sediment.

Methods and results

Derivation of velocity–depth function

We derive the normal move out (NMO) interval velocities

(Fig. 3) across the BSR at 10 common depth point (CDP)

intervals between CDPs 4,340 and 4,500 (Fig. 1b).

Increase in seismic velocities above the BSR and decrease

in velocities below the BSR clearly indicate the presence of

gas hydrate and free-gas. Because the NMO-derived

velocities are not very accurate, the average of these

velocities within the shallow depth across the BSR can be

considered to be representative of the velocity structure for

the study region. A straight line (Fig. 3) is fitted to the

averaged interval velocity–depth function in order to obtain

a background (no hydrate/no free-gas) velocity–depth

trend. We use the background velocity of *2 km/s at the

BSR depth of 510 mbsf (Fig. 3) for estimating gas hydrate

and free gas from the averaged interval velocity–depth

function.

Fig. 3 Thin lines show smooth NMO interval velocity–depth func-

tions at 10 CDP intervals between CDPs 4,340 and 4,500. Thick solid
line shows averaged interval velocity with depth. Dashed line is a

straight line fitted to the averaged interval velocity, considered as the

background velocity Fig. 4 a Porosity–depth function and b Density–depth function
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Porosity–depth function

Porosity–depth function (Fig. 4a) is computed from the

well-known Athy’s law (Athy 1930) as:

/ ¼ /0e�ðZ=kÞ ð1Þ

where, /0 ¼ 0:6 is the seafloor porosity and k = 1.17/km

is the compaction factor (Minshull and White 1989).

Fractions of minerals of the matrix

The background velocity depth function (Fig. 3) can be

represented as:

VP ¼ 1; 530þ 0:931� D ð2Þ

where, the seafloor (at 1,700 m water depth) velocity is

1,530 m/s and velocity gradient is 0.931/s.

The major mineralogical constituents of the sediment

are assumed to be clay, which constitutes the building

blocks, and quartz (silt minerals), which is the isolated

inclusion even at higher concentration. The elastic

parameters of different constituents of the sediment, used

in our calculation, are shown in Table 1. At 510 mbsf, the

velocity of water-filled sediment is computed using the

EMT (Hornby et al. 1994; Jakobsen et al. 2000) with dif-

ferent fractions of clay and quartz, which are then matched

with the background velocity. We find that the random

distribution of clay platelets with respect to the normal to

the horizontal plane gives a better fit with the background

velocity for this region, which exhibits isotropic behavior

of the sediment. The random orientation distribution

function (ODF) of clay plates is characterized by the

coefficients W200 = 0 and W400 = 0 in the Legendre

polynomial (Sayers 1994). 13.5% clay and 86.5% quartz

with porosity of 39% match with the background velocity

of 2 km/s at the BSR depth (510 mbsf). These mineral-

ogical constituents predict that the sediment in the Makran

accretionary prism is mostly sandy in nature.

Density–depth function

The background density variation with depth is calculated

using the relationship between porosity and bulk density

(qb) as:

qb ¼ qw/þ qcvcð1� /Þ þ qqvqð1� /Þ ð3Þ

where, densities and volume concentrations of water, clay,

quartz are respectively qw = 1 g/cm3, qc = 2.6 g/cm3,

qq = 2.7 g/cm3 and vw = volume of water (=porosity),

vc = volume of clay, vq = volume of quartz. Figure 4b

shows the density–depth function of the study area. The

average density in this region is calculated as 1.94 g/cm3.

Pressure and temperature

The average depth of the seafloor observed in the seismic

section is 1,700 m (Sain et al. 2000). Total pressure

(PT = qgz) exerted down to the depth of BSR (510 mbsf)

is the sum of the pressure due to the water column and the

sedimentary column from the seafloor to the BSR depth,

which is calculated as 26.34 MPa. The temperature corre-

sponding to this pressure at this depth is calculated from

the pressure temperature phase diagram (Fig. 5) of gas

hydrates as *21�C.

Density and bulk modulus of gas

Elastic properties of gas depend greatly on the pressure and

temperature of the surrounding medium. We, therefore,

determine the elastic modulus of gas for particular pressure

and temperature calculated at the BSR depth. The density

and bulk modulus of gas are calculated from the

Table 1 Densities (q), P-wave (VP) and S-wave (VS) velocities of

different constituents used (Jakobsen et al. 2000) for modeling

Constituents q (g/cm3) VP (m/s) VS (m/s)

Clay 2.60 3,400 1,600

Water 1.00 1,500 0000

Hydrate 0.92 3,800 2,000

Quartz 2.70 5,980 4,040

Fig. 5 Pressure temperature phase diagram of gas hydrate (after

Ganguly et al. 2000)
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relationship given by Batzle and Wang (1992). We esti-

mate density and the bulk modulus of gas as 0.2 g/cm3 and

67 MPa for the determined pressure 26.34 MPa and tem-

perature 21�C at the BSR depth.

Gas hydrate and free-gas concentrations

The elastic properties of gas hydrate can be considered to

be stable with pressure and temperature. Therefore, we take

the elastic moduli of gas hydrate from the published liter-

ature (Table 1). The gas hydrate saturation is estimated

using the combined SCA-DEM theory proposed by

Jakobsen et al. (2000), taking the orientation of gas hydrate

to be similar to that of clay platelets. The elastic properties

of gas hydrate-bearing sediment have been determined for

both gas hydrate as a part of pore fluid (non-contact model)

and gas hydrate as a part of matrix (contact model). But the

model, considering gas hydrate as a part of matrix, does not

provide any estimation of gas hydrate from the observed

velocity (derived NMO velocity). Thus the role of gas

hydrate for this region is non-load-bearing (non-contact

model). The effective media is isotropic, defined by three

coefficients of the stiffness tensor C as C11 = C22 = C33,

C44 = C55 = C66, C12 = C21 = C13 = C31 = C23 = C32.

Figure 6 shows that the stiffness coefficients of the effec-

tive medium, composed of clay, quartz, water and gas

hydrate, increase with gas hydrate saturation. Gas is

included as replacing water in a similar way as gas hydrate

is included. The determined bulk modulus and density of

gas are used for estimating concentration of free-gas.

Figure 7 shows the variation of elastic velocities computed

by the EMT with gas hydrate and free-gas saturation. The

gas hydrate and free-gas saturations are estimated as being

22 and 2.4% of the pore space, respectively, across the

BSR, corresponding to a velocity increase of 2.29 km/s and

a drop of 1.61 km/s respectively (Fig. 7).

Discussion and conclusions

The determined mineralogy demonstrates that the sedi-

ments in the study area are sandy/silty. In the EMT, the

assumption of random distribution of clay platelets gives a

better fit with the observed background velocity, which

exhibits an isotropic behavior for the sediment. Though the

EMT is widely used to estimate gas-hydrate saturation in

the case of clay-rich marine sediment, here we establish

that the theory also works for sand-rich sediment. We have

compared the saturations, estimated from the EMT based

on combined SCA-DEM theory, with those estimated using

the simple EMT proposed by Helgerud et al. (1999).

According to the simple EMT, gas hydrate is a component

Fig. 6 Elastic coefficients with gas hydrate saturation, determined

from the effective medium theory at 13.5% clay, 86.5% quartz and

39% porosity

Fig. 7 Variation of P-wave (VP) and S-wave (VS) velocities with gas

hydrate (h) and free-gas (g) saturations at 13.5% clay, 86.5% quartz

and 39% porosity. Dashed black lines show the saturations of gas

hydrate (22%) and free-gas (2.4%) across the BSR
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of the dry frame (load-bearing), increase of which reduces

the porosity and alters the solid phase elastic property.

From this theory, clay is determined as 10% of solid part,

and gas hydrate and free-gas are estimated as 31.3 and

4.14% of pore space, respectively, across the BSR. Con-

sidering gas hydrate as a part of matrix, the present model

does not give any finite hydrate saturation from the

observed velocity. However, using the pore fluid model

(non-contact), we estimate the saturation of gas hydrate as

22% of the pore space. Free-gas below the BSR is esti-

mated as 2.4% of pore volume. Thus, we see that the

simple EMT satisfies the role of gas hydrate as a part of

matrix and the EMT based on SCA/DEM theory supports

gas hydrates as a part of pore fluid. Both the models are

physics-based, which can be applied to the gas hydrate-

bearing marine sediments. But the model of Helgerud et al.

(1999) is limited if the critical porosity is assumed to be

0.35, whereas, the model of Jakobsen et al. (2000) deter-

mines the elastic property of the sediment at any finite

porosity.

Coexistence of water, gas hydrate and free-gas is also

possible (Guerin et al. 1999; Kumar et al. 2007; Lee and

Collett 2006). This may be explained by capillary effects in

smaller pores or the remaining crystalline structure after

partial decomposition of gas hydrate (Guerin et al. 1999).

The strong BSR observed in the seismic section in the

Makran accretionary prism clearly indicates a sharp

boundary between gas hydrate-bearing sediment above and

free-gas-bearing sediment below the BSR. Therefore, in

this paper we do not model the case for coexistence of

water, gas hydrate and gas.

Ojha and Sain (2008) estimated gas hydrate and free-gas

from the VP/VS ratio, obtained by traveltime inversion

coupled with amplitude modeling, as 12.0–14.5% and

4.5–5.5% respectively, using the rock physics based on the

Biot-Gassman theory modified by Lee (Lee 2002). These

authors further estimated gas hydrate and free-gas as

13–20% and 3–3.5% respectively using the rock physics

model of Helgerud et al. (1999). Major discrepancies in

estimations of gas hydrate and free-gas arise from the

chosen rock physics theories and values of elastic constants

of the constituents of sediment. Figure 3 shows a large

amount of free-gas within the 200-m-thick sedimentary

column. This gas may have resulted from the dissociation

of pre-existing gas hydrate as a result of the upward

movement of the stability field, caused by rapid sedimen-

tation and tectonic uplift in this area. Based on the

estimates from either of the rock physics theories, we

conclude that the Makran accretionary prism may be a

large reservoir of methane gas trapped within and below

the gas hydrate bearing sediment.

In this paper gas hydrate and free gas are estimated from

the seismic P-wave velocity derived from the NMO

analysis of the multichannel surface seismic data. S-wave

velocity can be determined by amplitude versus offset

(AVO) modeling (Ojha and Sain 2008), which is beyond

the scope of this paper.
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