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A base of gas hydrate stability zone was established after coring and drilling under the National Gas
Hydrate Program (NGHP) Expedition-01 in the Mahanadi basin. At two sites, logging-while-drilling log
data, and, at one site, wireline log data, were acquired during the NGHP Expedition-01. Gas hydrate
reservoirs modelling can be performed in two different ways. One way is isotropic (load bearing) and, on
the other hand, anisotropic media (fracture filling with gas hydrate). Here, we have performed anisotropic
modelling and estimated gas hydrate saturation using P-wave velocity, assuming an incidence angle of 75°
represents the vertical fracture. The estimated gas hydrate saturation at sites NGHP-01-08 and NGHP-
01-09, assuming anisotropic media, reduces the estimate by half compared to the saturation estimation
by assuming isotropic media. The saturation at site NGHP-01-19 estimated from the isotropic and
anisotropic P-wave velocity models are more or less similar except in the zone (175-210 m) just above
the bottom simulating reflector depth, and this zone shows similar reduction in saturation as estimated
at sites NGHP-01-08 and NGHP-01-09. Observations show that average gas hydrate saturations are
relatively low (up to 5% of the pore space). The saturation of a gas hydrate estimated from an isotropic
P-wave model varies from 5% to 20%. However, the saturation estimated from the anisotropic P-wave
model shows a variation up to 10% of the pore spaces at three sites.
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1. Introduction

A gas hydrate is an ice-like crystalline solid
substance, in which gas molecules (mainly meth-
ane) are trapped by water molecules and consist
of water and low hydrocarbon molecules (mainly
methane). Gas hydrates have been identified in
the Mahanadi basin from the analysis of high-
resolution multi-channel seismic data (Mathur et al.
2008; Ramana et al. 2009; Bastia et al. 2010a,b;
Prakash et al. 2010; Sain et al. 2012) and estab-
lished by drilling and coring (Collett et al. 2008).
The bottom simulating reflectors (BSRs), prime

marker for gas hydrates, have been observed at
the seismic section in the Mahanadi basin. A
high reflection strength and low seismic velocity
below BSRs characterising free gas-bearing sed-
iments were also observed in the central part
of the basin (Collett et al. 2008; Shankar and
Riedel 2014). Additional three-dimensional (3D)
seismic data were analysed for BSRs and seis-
mic proxies related to the presence of the natu-
ral gas hydrate in the Mahanadi basin (Mathur
et al. 2008; Prakash et al. 2010; Shankar and
Riedel 2014). This analysis shows the presence
of BSRs and BSR-like features over a large area
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of nearly 250 km? in the central western part of
the basin.

The formation of the gas hydrate in marine
sediments usually changes the physical properties
of the bulk sediment and creates anisotropy sub-
sequently. In marine sediments, gas hydrates occur
in various morphologies such as pore filling, frac-
ture filling, small nodules, lenses and veins. In the
simplest model, rising methane combines with the
sediment pore fluid to form a gas hydrate, par-
tially replacing the pore fluid with little change
to the sediment structure or volume. More com-
plex models involve gas hydrate crystal growth by
the displacement of the ambient sediment, in the
case of veins, fracture fill, small nodules or lenses.
The presence of gas hydrates in pore spaces of
marine sediments can therefore significantly affect
the bulk physical properties of the sediments. The
gas hydrate-bearing sediments exhibit relatively
higher seismic velocity than that of the background
(without gas hydrates) velocity. Seismic velocities
are related to the saturation of gas hydrates, mostly
through the empirical porosity-velocity relation-
ship based on effective porosity reduction mod-
els (Yuan et al. 1996), time-averaging approaches
(Lee et al. 1993) and first-principles-based
rock-physics modelling approaches (Dvorkin and
Nur 1993; Helgerud et al. 1999; Carcione and
Tinivella 2000).

Velocity appears to be the most strongly affected
by the presence of gas hydrates in marine sedi-
ments. Gas hydrate inclusion in the pore space of
marine sediments can significantly affect the bulk
physical properties of the sediment. The measure-
ment of such properties can therefore be used to
estimate gas hydrate saturation (Yuan et al. 1996;
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Collett and Ladd 2000). Down-hole P-wave sonic
logs have been used extensively to characterise the
in situ properties of gas hydrate-bearing sediments
and the estimation of gas hydrate saturations
(Guerin et al. 1999; Helgerud et al. 1999; Hyn-
dman et al. 1999, 2001; Collett 2002; Lee and
Collett 2005; Lee and Waite 2008; Ojha and Sain
2013; Shankar et al. 2013; Satyavani et al. 2015).
In this study, gas hydrate saturation estimates are
described using isotropic and anisotropic P-wave
velocity analyses and an effective medium mod-
elling approach to predict the P-wave velocity for
different amounts of gas hydrate saturation in the
sediments.

An incidence angle of 0° represents a horizontal
fracture and an incidence angle of 90° represents
a vertical fracture (Lee and Collett 2009). When
the P- and S-wave velocities were measured, the
gas hydrate saturation and fracture angles can
be calculated using White’s (1965) equation. The
P-wave velocity is used to calculate gas hydrate
saturations using a model of elastic velocities in
laminated media assuming a fracture dip angle
(Lee and Collett 2009; Wang et al. 2013).

Here, we use three sites in the Mahanadi basin
from the NGHP Expedition-01. The sites NGHP-
01-08 and NGHP-01-09 are situated at greater
water depths of ~1689 and ~1935 m, respectively.
The site NGHP-01-19 is located at a shallower
water depth of ~1422 m in the central part of the
basin (figure 1). We assume that the gas hydrate
primarily replaces a portion of the sediment pore
fluid, since no massive gas hydrates were recov-
ered at these sites and dispersed gas hydrates have
been inferred from the analysis of the available data
(Collett et al. 2008; Shankar and Riedel 2014).
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Figure 1. (a) Study area in the Mahanadi basin on the eastern margin of India. (b) Details of the bathymetry of the basin

with the location of drilling sites shown with black dots.
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2. Geological setting

The Mahanadi basin was formed during the rifting
and break-up of the Gondwanaland during the
Jurassic period. The tectonics of the Mahanadi
basin represents a rift zone trending to the NE-
SW direction. The rift zone lies to the SE of
the outcropping NW—-SE-trending Gondwana Per-
mian Triassic Mahanadi rift zone (Fuloria et al.
1992; Subrahmanyam et al. 2008). Its structural
setting contains the NE-SW-striking Jurassic—
Lower Cretaceous fault pattern that controls a
system of depressions and highs. Significant vol-
canic activity is observed in both the Permian—
Triassic and the Jurassic-Lower Cretaceous rift
zones (Fuloria et al. 1992).

The areal extent of the basin is about
260,000 km? including the deep waters (Mohap-
atra 2006). The Mahanadi offshore basin covers an
area of ~80,000 km? in the Bay of Bengal, south of
the Bengal shelf with a water depth ranging from
~100 to ~2500 m (Dangwal et al. 2008). The sed-
iment thickness in the Mahanadi deep water basin
is more than 8 km of Upper Cretaceous to Recent
age. The bulk of these sediments was supplied from
the Ganga—Brahmaputra deltaic system during the
Mio-Pliocene times. During the Early Palaeogene,
the basin experienced passive margin carbonate
and finer clastic sedimentation, while during the
Neogene, it received major fan sediments from
the system (Bharali et al. 1991). The Mahanadi
basin has a favourable temperature and pres-
sure conditions required for the formation of gas

Page 3 of 10 163

hydrates. The basin is characterised by geothermal
gradients of 35-45°C/km and a high sedimen-
tation rate. The overall sediment flux that is
received in this basin is mainly from the Mahanadi
river system (Mahanadi, Brahmani, Baitarani and
Dhamara rivers) with a sediment load to the basin
on the order of 7.10 x 10° kg/yr (Subramanian
1978). The total organic carbon content is esti-
mated to be more than 1.5% (Collett et al. 2008)
that favours the formation of gas hydrates in
this region.

3. Materials and method

3.1 Sonic log data

Figure 2 shows the suite of logs recorded at site
NGHP-01-19 in the Mahanadi basin. The ver-
tical resolution of the tool is 107 cm, and the
depth of the investigation is ~10 cm (Shankar and
Riedel 2011). The hole size calculated from the
calliper log shows an irregular hole, with alternat-
ing washouts and ledges where the hole can be
smaller than the bit size. Despite the irregular size,
the quality of the data should be only moderately
affected. An indication of the general good data
quality is in close correspondence to the density log
and the core measurements (Shankar and Riedel
2014). While this naturally coincides with a good
agreement between the porosity measurements on
core samples and the density derived porosity log,
the neutron porosity log, however, indicates larger
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Figure 2. Suite of logs from site NGHP-01-19, and the BGHSZ is highlighted by the dashed black line, (a) sonic P-wave
velocity with two runs shown in two colours, (b) measured bulk density (RHOB) (black curve), red diamond shows measured
core samples density, (c) neutron porosity (black curve), porosity values (red diamond) measured from core samples and
blue diamonds are porosity values derived from the density log and (d) IR images along the recovered cores.
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values due to the bound clay water. This difference
is due to the large hole at some intervals, but it
is mainly related to the large amount of clay in
this formation, which is not corrected for in the
neutron porosity log. The quality of the sonic log
is highly dependent on borehole conditions, and
requires good contact between the tool and the
borehole wall.

The P-wave velocities for site NGHP-01-19 from
the NGHP Expedition-01 from the Mahanadi basin
are shown in figure 2(a). Two runs of the DSI tool
(dsil and dsi2) are shown with different colours
(figure 2a). The sonic velocity log shows an increas-
ing trend of P-wave velocity values with a depth
and maximum velocity values are observed just
above the BSR at ~205 mbsf within the gas
hydrate stability zone (GHSZ) (figure 2a). A sud-
den drop in the P-wave velocity to ~1.53 km/s is
observed just below the base of GHSZ (BGHSZ)
and the velocity again increases up to 1.63 km/s
(figure 2a). However, no visible gas hydrate sam-
ples were recovered from this site. The infrared
(IR) camera identified a steady decrease in temper-
ature with depth measured on the core liner above
205 mbsf, which was interpreted as the indication
of the gas hydrate disseminated in the forma-
tion above BGHSZ (figure 2d). The density and
porosity measurements of core samples are super-
imposed on the corresponding logs. The density
log matches reasonably with the measured core
despite the irregular hole size. The density poros-
ity, calculated from the density log that shows good
correspondence with the porosity measured from
the core samples, is a direct indicator of the precise
measurement of density log data (figure 2c). The
neutron porosity log shows consistently higher than
the measured core porosity because of the influence
of mineral-bound water in these clay-dominated
sediments (Collett et al. 2008) (figure 2c). The
shallow zone of the log above 60 mbsf cannot be
used as the calliper log shows a much enlarged hole
near the seafloor. Coring is not performed at sites
NGHP-01-08 and NGHP-01-09 and only logging-
while-drilling (LWD) logs were acquired at these
two sites.

3.2 Rock physics modelling

Rock physics models are used to estimate the
geo-mechanical properties such as the elastic mod-
uli from the porosity and mineralogical constituents
of the sediment matrix. Several rock physics models
are developed to predict the elastic moduli of shal-
low unconsolidated marine sediments as a function
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of porosity, mineralogy, effective pressure and
pore-fluid compressibility. Each of these theories
has its own sets of assumptions and application of
some site-specific empirical relations. Pore-filling
models usually approximate the rock as a non-
elastic solid containing pore spaces. The presence
of pore space is more compliant than solid min-
eral, as it has the effect of reducing the overall
elastic stiffness of the rock in either an isotropic or
anisotropic way. The vast majority of pore-filling
models assume that the pore cavities are spherical
(Kuster and Toksoz 1974; Dai et al. 2008; Holland
et al. 2008). Contact models approximate the rock
as a combination of different grains, whose elas-
tic properties are determined by the deformability
and stiffness of their grain-to-grain contacts (Ecker
et al. 1998, 2000; Dvorkin et al. 1999, 2003; Hel-
gerud et al. 1999; Jakobsen et al. 2000; Dai et al.
2004; Xu et al. 2004). Dvorkin and Nur (1996)
described the effect of adding small amounts of
mineral cement at the contacts of spherical grains.

Transformations include models such as the
Gassmann (1951) relations for fluid substitution,
which are relatively free of geometric assump-
tions. The Gassmann relations take measured V,,
and V5 at one fluid state and predict the V}
and V; of another fluid state (Berryman and Mil-
ton 1991). The geometry-independent scheme to
predict fluid substitution in a composite of two
moduli of different sediment types of two differ-
ent places (Cook et al. 2008; Holland et al. 2008;
Kastner et al. 2008; Ghosh et al. 2010). Mavko
et al. (1995) derived a geometry-independent trans-
formation to take velocity versus pressure data
and predict stress-induced anisotropy. Mavko and
Jizba (1991) presented a transformation of mea-
sured dry velocity versus pressure to predict veloc-
ity frequency in fluid-saturated rocks. The most
common approach to modelling the stress-induced
anisotropy is to assume the angular distributions of
idealised penny-shaped cracks (Nur 1971; Gibson
and Toksoz 1990). The stress dependence is intro-
duced by assuming or inferring distributions or
spectra of crack aspect ratios with various orienta-
tions. The procedure is to estimate the generalised
pore—space compliance from the measurements of
isotropic V}, and V.

3.2.1 Isotropic medium

Helegrud’s (1999) model considers the effect of the
gas hydrate on the sediment’s elastic moduli. The
model requires porosity and the elastic moduli of
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the sediment grains, pore water and free gas. In our
modelling, we considered hydrate as a component
of the solid phase, modifying the elasticity of the
frame. Background velocity is estimated using the
method of Dvorkin et al. (1999), which expresses
the bulk and shear moduli of dry marine sediments.
Effective saturated bulk modulus of the sediment
is calculated from the following relation given by
Dvorkin and Nur (1998):

Kay = Sw
Sat Kgarw + (4/3) Gary
1— Sw 1oy
+ - 7G Ty
Ksata + (4/3) Gy 34y

(1)

where Kg,w and Kgu,ig are the bulk moduli of
the sediment fully saturated with water and gas,
respectively, and S is water saturation. They
are calculated using Gassmann’s (1951) equation.
Once the elastic parameters are known, the elastic
velocities, V,, and Vs, can be calculated as

Kg, 4 a
v, = St+(/3)GSt, 2)

Pb
GSat
‘/S — ) 3
Pb ( )

where V,, and V; are the background velocity and
pp is the sediment bulk density.
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Elastic anisotropy can be observed due to the
aligned cracks in the porous rock in marine sedi-
ments. Depending on the phase angle, the isotropic
velocities are smaller or larger than anisotropic
velocities (Lee and Collett 2009). The P-wave
velocity has only a small amount of anisotropy
compared to the S-wave velocity. For the P-wave
velocity, the phase and group velocities are similar.
A sedimentary unit composed of two components is
considered where the first component has a P-wave
velocity (Vp!) and density (p;), and the second
component is characterised by a P-wave velocity
(Vp?) and density (p2). The phase velocities of
transverse isotropic media caused from anisotropy
can be computed using the following equation
(White 1965):

4= {W} * ((Mlzm)_l <<A+A2m>2’

o= (wim) © ©
F:(<A+12u>>1<<A+A2m)’ ©

S o

Q= \/[(A — L)sin®0 — (C — L) 00820]2 + 4 (F 4 L)*sin®fcos20, (8)

A variation of the obtained velocity from the
background velocity provides estimates of satu-
ration at each depth point. The velocity values
are iterated in the background until measured
and estimated velocity shows close correspondence.
Thereby, saturation can be estimated at each
depth point.

3.2.2 Anisotropic medium

A wide range of potential problems, involving
the anisotropic medium can be transformed into
equivalent problems involving only an isotropic
medium. Here, we consider anisotropy due to the
fracture-filled gas hydrate. Marine sediments are
commonly having anisotropic seismic properties.

A sin?0 + C cos?0+ L+ Q 1/2

where 6 is the fracture angle, p is the density and
V,, is the anisotropic P wave velocity. Modelling
using an incidence angle of 75° represents the wave
propagation for a vertical fracture. Therefore, the
P-wave particle motion is parallel to the fracture.

4. Results and discussion

Elastic properties of effective media containing
various amounts of gas hydrate or free gas can then
be calculated according to different assumptions
concerning their formation mechanisms (Helgerud
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Table 1. Elastic properties of sediment constituents (after Helgerud 2001).

Sediment Bulk modulus Shear modulus Density P-wave velocity S-wave velocity
constituents (GPa) (GPa) (g/cm?) (km/s) (km/s)
Clay 20.9 6.85 2.58 3.41 1.63
Quartz 36.6 45.0 2.65 6.04 4.12

Pore water 2.4 0.0 1.03 1.5 0.0
Methane hydrate 8.7 3.5 0.92 3.8 2.0
Methane gas 0.1245 0.0 0.25 0.71 0.0

et al. 1999). Gas hydrate is modelled either as Gas hydrate salturation

part of the pore fluid (gas hydrate in-pore), or 500 o 02 0.4 0.8 0.8 10

as part of the load-bearing sediment matrix (gas
hydrate in-frame). The gas hydrate in-pore model
assumes that the gas hydrate occurs in the sedi-
ment pore space, without adding stiffness to the
sediment frame. As a consequence, the sediment
S-(shear) wave velocity is nearly unaffected by the
occurrence of the gas hydrate. For the gas hydrate
in-frame model, the elastic properties of the sed-
iment frame are recalculated, with grains of gas
hydrate included as part of the sediment frame.
Under this mode of occurrence, the gas hydrate
adds some stiffness to the sediment frame, and the
sediment S-wave velocity is slightly increased by
the gas hydrate but much less than for a model in
which the gas hydrate cements the grain contacts
(Dvorkin and Nur 1993). Both the gas hydrate
in-pore and in-frame models predict an increase
in P-wave velocity with increased gas hydrate
saturation (slightly more for the gas hydrate in-
frame model).

A reference velocity—depth profile is calculated
from the Helgerud (2001) rock-physics model to
match the observations in the measured LWD /wir-
eline velocity logs at each well site. Neutron poros-
ity was measured for two sites NGHP-01-08 and
NGHP-01-09 and the porosity was derived from
the density used for site NGHP-01-19 in our cal-
culation. Two porosity trends are adopted: one
is the smoothed linear fit, and the other, a 3-m
running average porosity—depth profile. The aver-
aging mineralogy is taken to be 90% clay and
10% quartz, with the elastic parameters of the
sediment constituents summarised in table 1. To
estimate gas hydrate saturation, P-wave velocity
versus depth profiles for various gas hydrate satura-
tions are computed, using the gas hydrate in-frame
model. These constant gas hydrate saturation pro-
files are plotted with the measured P-wave velocity
data to provide an estimate of the gas hydrate
saturation.
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Figure 3. Variation of gas hydrate saturation with velocity
at 70% porosity at fracture angles of 0° and 90°.

In a borehole incidence angle, 0° represents a
horizontal fracture and an incidence angle of 90°
represents a vertical fracture. P-wave velocity was
measured only at the study sites; therefore, gas
hydrate saturation was estimated by assuming a
fracture angle of 75°. An anisotropic study from the
Krishna—Godavari basin shows a higher saturation
compared to the isotropic modelling, assuming a
horizontal fracture from the P-wave velocity, and a
quantum jump in saturation was estimated assum-
ing a horizontal fracture from the S-wave velocity
(Lee and Collett 2009; Wang et al. 2013). Figure 3
shows the nomogram of velocity versus hydrate sat-
urations at 70% porosity, as porosity mainly varies
within this range. Figures 4-6 from our study area
show gas hydrate saturation estimates from the
P-wave velocity at three sites in the Mahanadi
basin. We have also estimated gas hydrate sat-
urations using Archie’s equation from resistiv-
ity logs and compared with saturation obtained
from isotropic and anisotropic modelling. The
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Figure 4. (a) Porosity versus depth LWD measurements at site NGHP-01-08A. The bold red curve shows the 3-m running
average. (b) P-wave velocity measurements from sonic log and predicted velocities for gas-hydrate-bearing sediments using
the gas hydrate in-frame rock physics model for varying gas hydrate saturation. Straight lines are based on linear porosity
trends, whereas a 3-m running average was also used in the prediction to achieve a high resolution. (¢) Gas hydrate saturation

estimated from isotropic and anisotropic modelling.
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Figure 5. (a) Porosity versus depth LWD measurements at site NGHP-01-09A. The bold red curve shows the 3-m running
average. (b) P-wave velocity measurements from sonic log and predicted velocities for gas-hydrate-bearing sediments using
the gas hydrate in-frame rock physics model for varying gas hydrate saturation. Straight lines are based on linear porosity
trends, whereas a 3-m running average was also used in the prediction to achieve high resolution. (¢) Gas hydrate saturation

estimated from isotropic and anisotropic modelling.

P-wave sonic velocity data at site NGHP-01-08
predicts gas hydrate saturation of a maximum of
up to 10%. However, the saturation obtained from
the resistivity at this site shows less saturation
compared to the velocity and shows close corre-
spondence to the anisotropic saturation at the BSR
depth. We observed that anisotropic modelling
at this site shows 8-10% gas hydrate saturation
which is half of the estimated saturation com-
pared to isotropic modelling (figure 4b and c).
At site NGHP-01-09, isotropic modelling shows up
to 18% hydrate saturation which is more than

double the gas hydrate saturation compared to
anisotropic modelling (figure 5¢). In the high sat-
uration area at site NGHP-01-19, starting from a
depth of around 175 mbsf up to the BSR depth is
more than 15% (figure 6). However, isotropic and
anisotropic models show similar gas hydrate satu-
ration under 10% up to a depth of 175 mbsf. Below
this depth to the BSR, the isotropic model shows a
maximum of up to 20% gas hydrate saturation and
the anisotropic model shows more than 10% gas
hydrate saturation up to the BSR depth (figure 6).
Figure 6(c) shows a comparison of gas hydrate



163 Page 8 of 10

J. Earth Syst. Sci. (2019) 128:163

Porosity (%) Sonic velocity (km/s) Gas hydrate saturation
60 70 80 90 100 148 152 156 160 164 0 005 01 0415 0.2 025
ol P R N | I 1 | R T R i
= MNEHP.O1-158 MNOGHP01-158
@ =
£ — |
"é’mu- H_“_*'f:_.:- satLraton
S
- = .
__,.,I_
; 150 = ;—:_—__ from resistedty
3 > ==
E &
=
(=]
[

Figure 6. (a) Porosity versus depth wireline measurements at site NGHP-01-19B. The bold red curve shows the 3-m running
average. (b) P-wave velocity measurements from sonic log and predicted velocities for gas-hydrate-bearing sediments using
the gas hydrate in-frame rock physics model for varying gas hydrate saturation. Straight lines are based on linear porosity
trends, whereas a 3-m running average was also used in the prediction to achieve high resolution. (¢) Gas hydrate saturation
estimated from isotropic and anisotropic modelling. The green diamond shape shows gas hydrate saturation measured from

the pressure core.

saturations obtained from the velocity log and the
resistivity log that match very well with the avail-
able pressure core values. We observed differences
in saturation between isotropic and anisotropic
at wells NGHP-01-8A and NGHP-01-9A, whereas
at NGHP-01-19B, isotropic and anisotropic satu-
ration are almost the same. Site NGHP-01-19B
was drilled in complex structures and geometries
typical of a channel cut-and-fill deposition of the
Mahanadi basin. The 3D seismic data reveal a
clear system of meandering distributary channels
and early fan-type deposits (Shankar and Riedel
2014). However, sites NGHP-01-9A and NGHP-
01-8A were drilled in a clay-dominated sediment.
The anisotropy effect can be observed more in a
clay-dominated fine-grain sediment site compared
to sand-dominated channel deposits.

5. Conclusions

We have used available logging data from the
Indian NGHP Expedition-01 to estimate gas hyd-
rate saturation at three sites (NGHP-01-08, -09,
-19) in the Mahanadi basin. Gas hydrate satura-
tions were estimated from P-wave velocity using an

effective  medium isotropic and anisotropic
modelling approach, defining average mineral
assemblages based on sedimentological core

descriptions. Saturation obtained from the isotropic
model shows wide differences compared with the
anisotropic model, providing results closer to the

pressure core measurements. It is evident that in
the presence of anisotropy, conventional models
lead to an overestimation of gas hydrates. There-
fore, anisotropy needs to be incorporated to obtain
appropriate gas hydrate saturation estimates.
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