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ABSTRACT
Gas hydrate saturation (Sh) is the most challenging key

parameter of petrophysical evaluations for reservoir characteri-
zation. In total three wells were used (namely, NGHP-01-19,
NGHP-01-09, and NGHP-01-08) to compute the petrophysical
parameters in the gas hydrate-bearing sediments of the Mahanadi
offshore basin. Initially, effective porosity and volume of shale are
computed using conventional log data varying from 11-36% and
55-75% respectively. The most prominent technique responding to
the physical property has been used to compute the Sh by using
Archie’s empirical electrical resistivity method. The presence of
gas hydrate, free gas, and other lithology affects the sonic velocity
which is widely used to quantify the hydrate saturation. Therefore,
an attempt is made to quantify the Sh from the wellbore sonic
velocity using a rock physics model at higher porosity (~62%) for
unconsolidated marine sediments below the seafloor. The model is
best suited for gas hydrate zones where velocity increases with the
hydrate saturation but underestimates the saturation for free gas
zones below the bottom simulating reflector. In the study area,
Sh ranges from 5-13% in the depth interval of 175-200 mbsf for
well NGHP-01-19 whereas, small amount of 3-10% and 2-8% for
well NGHP-01-09 and NGHP-01-08 respectively. The Sh obtained
from the rock physics model is insignificantly mismatched with
the saturation obtained from temperature and resistivity data due
to the presence of an  isotropic layer with fracture filling sediments
having anisotropic properties.

INTRODUCTION
Gas hydrate is occurring in solid crystalline structure with some

guest molecules mostly methane gas entrapped in hydrogen bonding
water lattice (Sloan, 1998, Sain and Gupta, 2012). It mostly occurs in
shallow regions of the outer continental margin of deep offshore
basins. The gas hydrates are found in probable temperature (<10°C)
and pressure (> 0.6 MPa) conditions. It is also inferred by a
typical seismic bottom simulating reflector (BSR), cross-cutting
channels, and seismic amplitude attenuation or blanking using high
resolution multichannel seismic (MCS) data (Sain and Gupta, 2012,
Coffin et al., 2007). The gas hydrate sediments show relatively higher
seismic velocity than that of surrounding sediments while the gas
hydrates occur mostly in fracture filings, veins, and pore filling of the

shallow marine sediments in the study area of the offshore Mahanadi
basin (Singha et al., 2019). Gas hydrate generally shows high elastic
moduli than other pore-filling fluids and hence acoustic wave velocity
increases in gas hydrate-bearing sediments (Stoll and Bryan, 1979,
Tucholke et al., 1977). Based on that assumption, several rock physical
models have been theorized for the computation of gas hydrate
saturation. The assessment of a gas hydrate reservoir is done by
computing petrophysical parameters such as water saturation, effective
porosity, and volume of shale. The petrophysical parameters especially
water saturation and porosity both have been derived from the seismic
velocity (P- and S- wave) using the rock physics model. Therefore,
the accuracy of the estimation of the parameters depends on the seismic
velocity which is greatly influenced by porosity, lithology, burial depth
and other geological factors (Mavko et al., 2009; Lee and Collett,
2012; Shukla et al., 2022a). Several authors, namely, Gosh et al. (2010),
Kumar et al., (2006), Lee and Collett (2011), Waite et al., (2019),
Cook et al., (2008) and Shankar and Pandey (2016) have previously
reported the fracture filling gas hydrate in both the basin Krishna-
Godavari (K-G) and Mahanadi offshore basin respectively. For accurate
assessment and characterization of gas hydrates from seismic velocity
and other rock properties in the Mahanadi offshore basin, Logging
While Drilling (LWD) techniques acquired a continuous record of
various geo-physical parameters of sediments with respective depths
of the wellbore. The measurements of such physical properties from
P-wave velocity, resistivity, density, porosity, gamma-ray, and volume
of shale have been used in this study.  Among all measurable physical
parameters, electrical resistivity is found to be one of the most sensitive
measurements to the presence of gas hydrates. In the presence of gas
hydrate, both the P-wave velocity and resistivity relatively increase in
the gas hydrate concentration, while density relatively decreases (Lee
and Collett, 2012). The density log has been used to obtain the porosity
previously reported (Singha et al., 2019; Shukla et al., 2022b) for
estimation of Archie’s parameters and, it has also been used in the
rock physics model. However, the porosity can’t be treated as prior
information for gas hydrate concentration as a caliper log is used to
measure the relative borehole size and gamma-ray is used for the
detection of lithologies readings which are not direct indicators of gas
hydrates (Serra, O., 1984). Gas hydrate studies carried out by National
Gas Hydrate Program Expedition 01 introduced the gas hydrates mainly
in fractured clay-rich sediments (Collett et al., 2014; Pandey et al.,
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2019) in K-G Basin. Gas hydrate bearing sediments were identified in
the Mahanadi and Andaman basins (Collett et al., 2014). Various
models have been carried out for computation of the gas hydrate
saturations using P-wave velocities and porosity such as the Wood
equation (Wood et al., 1994; Nobes et al., 1986), modified Hashin-
Shtrikeman (H-S) model (Dvorkin et al., 1999), Biot-Gassmann,
weighted average equations (Lee et al., 1996; Collett, 2001; Ojha and
Sain, 2007), and the time average equation (Miller et al., 1991; Lee et
al., 1996). If gas hydrate occurs in sand-dominated sediments, the
physical properties of hydrate-bearing sediments reveal isotropic nature
and if they are present in fractures of fine-grained sediments, the
physical properties reveal an anisotropic nature (Sayers and Kachanov,
1995; Lee and Collett, 2011; Shukla et al., 2022a). In this paper, the
aim is to focus on petrophysical parameters analysis using conventional
well log data such as sonic, density, resistivity, and gamma-ray log
and further estimation of gas hydrate saturation by using Archie’s
empirical electrical resistivity method and the rock physical model. In
the rock physics model, the modified H-S upper model has been
considered for the computation of gas hydrate saturation. Wood’s
equation is applied to compute saturation and compared with modified
H-S upper bound model. The gas hydrate saturation from both models
has been further validated with gas hydrate saturation which is
computed from electrical resistivity methods. Gas hydrates saturation
from electrical resistivity log data using Archie’s (1942) empirical
relation and rock physics model using a two-phase effective elastic
medium which is suitable for high porosity sediments with gas hydrate
and free gas.

GEOLOGICAL SETTING OF STUDY AREA
This study area is basically located at the northern part of the

passive eastern continental margin of India (ECMI). It covers mainly
sediment deposited from discharge by two rivers namely Mahanadi
and Krishna-Godavari river (Sastri et al., 1981). In the of ECMI, the
offshore Mahanadi basin is surrounded by the K-G basin in the south
west direction and, the bay of Bengal basin in the north east direction
and its covering an area of 14,000 sq. km (Bastia et al., 2010) as
shown in Fig.1. The basin evolved due to rifting and break-up of
Gondwana supercontinent land during permo-triassic geological age
(Sastri et al., 1981, Sastri et al., 1973). Due to collision of Indian plate
and Eurasian plate during Miocene, sediments thickness developed
by 8 km from upper Cretaceous to recent geological age in this offshore
basin (Fuloria et al., 1992).Source rock studies on drill cuttings and
sidewall cores from the wells drilled in shallow offshore indicate
presence of adequate total organic carbon (TOC 1.5-2.5%).
Additionally, organic matter within the Paleocene and older sediments
appear to be mature. This observation suggests that better source
sediments can be present in the deeper parts of the basin. The organic
matter in the Paleocene and older sediments shows marginally maturity.
TOC values of more than 3% also have been recorded in some samples
(Sain et al., 2011, Kumar et al., 2014). Although high TOC, abounded
deposition rate of sedimentations (20-40 cm/kyr) and geothermal
gradients of 35-45°C/km may suggest the indication of gas hydrate
reservoir in the deep offshore basin wherever low temperature and
high pressure assure the complimentary environments in the basin
(Singh et al., 2019, Sain et al., 2011, Shankar et al., 2013, Kumar et
al., 2014 and Collette et al., 2008).The indication of gas hydrates are
also recognized by LWD and temperature of core sample by infrared
ray (IR) camera at NGHP-01 sites in the offshore Mahanadi basin
(Kumar et al., 2014, Rai et al., 2020, Sain and Gupta, 2012; Shukla et
al., 2022a and Shukla et al., 2022b). Overall from these studies it
shows that migratory hydrocarbons are present and, gas hydrate due
to high impermeable porous rock in the Miocene and older sediments
of Mahanadi offshore basin. Gas hydrates deposition of clay/silt
sediments with fractures in the deep water basin of Pleistocene age.

THEORY AND METHODOLOGY

Well Log Data Analysis

Initially, P-wave velocity and resistivity logs are used to infer the
gas hydrate concentration while the density and gamma-ray logs can’t
be treated as direct substitutes for the gas hydrate concentration. The
P-wave increases at the gas hydrate stability zone (GHSZ) and shows
a sudden decrease just below the GHSZ. The gamma-ray log is used
to infer lithological variations in terms of clay-rich or mud-rich shale.
The gas hydrate zone and free gas zones can be identified from the
initial well log data analysis as listed in table1. The depths of BSR are
208, 290, and 257mbsf, and the depths of the seafloor are 1433, 1935,
and 1701m for wells NGHP-01-19, NGHP-01-09, and NGHP-01-08
respectively. The inclusion of gas hydrate in voids of marine sediments
significantly affects the bulk electrical properties of sediments and
measurement of such properties can be directly used for the estimation
of gas hydrate saturation (Pandey et al., 2019). Based on electrical
resistivity log data, the water-saturated sediments have less resistivity
as compared to true or bulk resistivity as sediments containing gas
hydrates as just above the BSR and free-gas below the BSR. This
difference in recorded resistivity log values can be used to calculate
the gas hydrate saturations (e.g. Collett and Ladd, 2000, Lee and
Collett, 2012). After detailed analysis of well log data for the occurrence
of gas hydrate; our next aim is to evaluate the petrophysical parameters
like effective porosity, the volume of shale, and gas hydrate saturation
from Archie’s empirical relation and rock physics models by following
the flowchart as shown in Fig. 2.

Here, these are the basic steps for the computation of the gas hydrate
saturation using modified H-S model as follows:

� Initially, using (Hill, 1952) average formula, the bulk (Kmatrix)
and shear moduli (Gmatrix) of the rock matrix are determined using
equation (16, and 17) in table (2) (Helgerude, 1999).

� Using rock matrix bulk and shear moduli, elastic moduli of dry
rock (KHM, and GHM) at critical porosity (φc) is determined from
Hertz-Mindlin model from equation 10 (a, and b)

� Using elastic moduli of Hertz-Mindlin model, elastic moduli of
dry rock (Kdry and Gdry) are determined for various porosities

   �

Fig. 1. Depicted bathymetric map of study area at drill site over offshore
Mahanadi basin for NGHP-01-19, NGHP-01-09 and NGHP-01-08
respectively.
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(0-100%) of the rock using equation (7a, and 7b) and equation
(8a and 8b)

� Saturated bulk modulus (Ksat) of the rock is determined using
sonic P-wave velocity.

� Substituting values of various parameters like porosity, Kdry, Km
and Ksat in Gassmann equation (Gassmann 1951), hence bulk
modulus of the fluid (Kf) is determined from equation (13)

� Kf is the bulk modulus of the homogeneous mixture of water
and gas hydrate and further  the saturation of water is determined
using equation (19)

� Finally, the gas hydrate saturation is computed  by using equation
(20)

Estimation of volume of shale and effective porosity:
The determination of reservoir quality in terms of petrophysical

parameters, lithology identification, porosity, type and distribution of
reservoir fluids are based essentially on the evaluation of shale volume
(VShale). Since these above parameters are most important to the proper
evaluation of reservoir potentiality. Therefore, to quantitatively evaluate
a formation, there are precisely estimated volume of shale for effective
porosity and gas hydrate saturation. The VShale distribution is one of
the most prominent factors that have to be considered in petrophysics
and formation evaluation. The volume of shale is used to determine
from gamma ray log as given by following standard equation (Fertl
and Frost, 1980);

VShale (%) =
GRlog – GRmin × 100 (1)
GRmax – GRmin

Where, GRlog is the gamma-ray response in the zone of
interest, GRmin= 30API is the gamma-ray response in cleanest
formation, GRmax = 150 API is the gamma-ray response in the shale
layer.

Accordingly, the rock can be differentiated as clean if VShale< 10%;
shaly if VShale ranged from 10% to 33%, and if the VShale is more
than 33%, it is considered to be shale. The volume of shale at site
NGHP-01-19 is 55% in the depth interval of 175-200m. Similarly, the
volume of shale is 65% and 70% in the depth interval of 265-290mbsf

and 235-257mbsf for the well NGHP-01-09 and NGHP-01-08
respectively.

Due to the unavailability of any core data to calibrate and evaluate
the density-derived porosity, the LWD log-derived density
measurements (ñb) were used to calculate sediment effective porosity
(φ

E
) as given by Adolph et al., 2005;

φ
E
 = (1 – Vshale) * φ (2)

Where, φ is the density-derived porosity. The effective porosity
values computed from using above equation (2) are varying from
20-40%, 15-34% and 11-23% in 25m of gas hydrate zone in the
depth intervals of 175-200mbsf, 260-285mbsf and 225-250mbsf
consequently 36-27%, 17-38% and 9-26% in free gas zone as
illustrated in Table1. Finally, the representation of P-wave velocity,
density, gamma-ray, resistivity, effective porosity, and volume of
shale are plotted as shown in Fig. 3(a b and c) respectively. We
have identified the BSR from multi-channel seismic data and, the
depth of BSR in each well has been estimated by seismic well tie
correlation and as well as by the geophysical data such as velocity,
resistivity and temperature log described in (Sain et al., 2011; Singha
et al., 2019; Shukla et al., 2022a; Shukla et al., 2022b).

Gas Hydrates Saturation from Electrical Resistivity Log Data
using Archie’s Relation

For accurate and better assessment of the gas hydrate saturation in
uncompacted shale and porous medium, we have to apply the well-
known Archie’s empirical relationship in order to resistivity and
porosity logs recorded for well NGHP-01-19, NGHP-01-09 and
NGHP-01-08 respectively in the offshore basin. The pore fluid
resistivity (Rw) was estimated from Fofonoff (1985) using a linear
temperature profile derived from the in situ temperature measurements
as follows;

RW2 = RW1

T1 + 21.5
(3)

T2 + 21.5

Here, T1 is the seafloor temperature (4.78 °C);T2 is the temperature
(°C) of formation at depth of wellbore and geothermal gradient of

   �

Fig. 2. Flow chart of estimating effective porosity, volume of shale and, gas hydrate saturation using Archie’s equation and rock physics model.
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sediment in offshore Mahanadi basin is 52.3°C/km (Collett et al.,
2008) as given;

T2 = (Geothermal gradient) * depth + T1

Formation factor (FF) is defined by the ratio of resistivity of 100%
water saturated sediments or background resistivity (R0) to Rw (= RW2).
The RW1 and RW2 is the resistivity of water at the surface of seafloor
and temperature derived resistivity throughout the well respectively
in this study area. Since RW and RW2 both are equal i.e. RW ~RW2.
So, we have computed RW2 using equation (3) after that applied to
equation (4) for other relevant component which were required for
gas hydrate saturation. The least square power law fit with depth of
the values measured on pore water samples is as follows (Archie,
1942and 1952)

Where, FF = R0/ RW = R0/RW2= a /ϕm, (4a)

Taking log bot side we get,

Log FF = –m Log φ + Log a
Or, FF = antilog (- m Log φ) + antilog (Log a) (4b)

The necessity of porosity-formation factor to find the Archie’s
constant such as a, m, and n. Here, a is the tortuosity factor, m is the
cementing exponent of rock, and n is the saturation exponent (taken
usually close to 2). We have plotted a crossplot with logarithm equation
between formation factors (FF) to density-derived porosity for water-
bearing sediments (Non-hydrate zone) to find the Archie’s constant
(especially a, and m) .The constants in the equation depend on
interaction between the host sediments and gas hydrate in a porous
medium. Firstly, for computation of the Archie constants, we assume
R0 is very close to the bulk or true resistivity, Rt. Since resistivity log
and porosity log curve is mirror to each other so, predicted R0 derived
from equation (4a) using the porosity log and Archie’s equation i.e. R0

= (aRw)/ϕm. A linear fit straight line represent best-fit matches using
equation  (4b) between FF and porosity is plotted by trial and error
method, we optimized the values of Archie constants which are as

follows; a = 2.3 and m = 0.75 for well NGHP-01-19. Similarly, a =
1.90 and m =1.2 for well NGHP-01-09 and a = 1.91 and m = 2.3 for
well NGHP-01-08 respectively as shown in figure 4 (a, b and c) and
Table 1. The estimated water saturation, assumed to be the numerical
complement of the hydrate saturation as given by (Archie, 1942 and
1952)

Sh=1- (R0/Rt)
1/n, (5)

The computed water-saturated resistivity is very close to the
measured resistivity as the water saturation is close to 100%
above ~180, ~260 and ~220 mbsf. Below this depth, the results
suggest that as much as 10% of the pore space could be occupied
either by gas hydrate above the BSR (estimated at ~208, 290 and
257mbsf).

The downhole profile of the hydrate saturation from resistivity
method provides 8-12%, 6-10% and 2-5% of the gas hydrates saturation
at the depth interval of 175-200m, 260-285m and 225-250m
below sea floor in the wells. The representation of computed gas hydrate
and free gas saturation using resistivity method has been plotted in
the later section as shown in Fig.12 (a, b and c) for wells NGHP-01-
19, NGHP-01-09 and NGHP-01-08 respectively.

As previously, we derived the predicted R0. A qualitative influence
of gas hydrate on the resistivity log is indicated by the difference
between R0 and Rt as shown in Fig. 5 (a, b, and c). The deviation
between R0 and Rt clearly indicates the presence of the gas hydrates in
the sediments. The gas hydrate saturation ranges from 5-10% as
derived from infrared imaging log and the lower temperature value
that shows the presence of the gas hydrate in the depth range of
175-200mbsf for the well NGHP-01-19 respectively as shown in
Fig.6.

Gas Hydrate Saturation using Effective Medium Rock Physics
Model

Rock physics models are being used indirectly for estimation of

Fig. 3. Conventional well log data such as P-wave velocity, density and resistivity with petrophysical parameters such as porosity, volume of
shale and gamma ray for well (a) NGHP-01-19. (b) NGHP-01-09 and (c) NGHP-01-08 respectively.

   �

Fig. 4. Computing Archie’s constant such as a, and m using linear best fit logarithm plot between Formation factor, FF (unit less) and porosity
(fraction) for wells NGHP-01-19, NGHP-01-09 and NGHP-01-08 respectively.
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the gas hydrate using elastic parameters and velocity information for
several values of the gas hydrate saturation and the best fitting model
gives the saturation of the gas hydrate in the pores of sediment. We
used some of these models to estimate the saturation of gas hydrate
and free gas sediments discussed below.

Wood's Model
The Wood's (1941) method is the primary approach to compute

   �

   �

Table 1. Illustrate table for well data analysis, Archie’s constant and volume of shale, effective porosity and resistivity at NGHP-01 sites in the study area.

Wells BSR Seafloor Gas hydrate Archie’s constant Volume of Effective Resistivity,
depth depth zone shale porosity Rt

(mbsf) (m) (mbsf) a m n (%) (%) (Ohm. m)

NGHP-01-19 208 1433 175-200 2.3 0.75 2 55 20-40 0.88-1.12

NGHP-01-09 290 1935 260-285 1.90 1.2 2 65 15-34 0.95-1.36

NGHP-01-08 257 1701 225-250 1.91 2.3 2 70 11-23 0.76-0.98

Fig. 5.  Separation between bulk resistivity Rt in red and calculated
water saturated resistivity R0 in blue indicating the presence of gas
hydrate for well (a) NGHP-01-19, (b) NGHP-01-09, and (c) NGHP-
01-08 respectively

Fig. 6. Estimate of gas-hydrate saturation abundance and the derived
downhole temperature profile relates with Infrared imaging indicating
the presence of gas hydrate in the depth range of 183-208mbsf
with low temperature for corresponding depth range for well
NGHP-01-19.

   �

Fig.7. Theoretical plot for the rock physics models (a) Wood's model
and (b) modified H-S upper model for matrix bulk, shear modulus
and density for quartz for critical porosity at 40% with water saturation
90% and gas hydrate saturation 10% respectively (Wood, 1941; and
Dvorkin et al., 1999)

Fig.8.  Estimation of gas hydrate saturation considered to be
overestimated from sonic velocity using the Wood's model for well
(a) NGHP-01-19 (b) NGHP-01-19, and (c) NGHP-01-08 respectively
showing higher values above BSR.

�

the in-situ gas hydrate saturations. It is used in a highly porous
medium and loose sedimentary formation where gas hydrate is a
part of fluid suspension as followed by,

1
=

φ(Sh) +
φ(Sw)

+
(1 – φ)

(6)
ρbVp

2 ρhVh
2 ρwVw

2 ρV2

Where V is the velocity of P-wave in rock matrix; Vp is the
P-wave velocity of the hydrate-bearing sediments; VW is the velocity
of fluid, Sw is the water saturation.

The computed gas hydrate saturation (>15%, >10%, and >5%)
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from Wood's model as shown in Fig.8 (a, b and, c) and further validated
with reported temperature profile core data and Archie's empirical
electrical resistivity method that gives that the gas hydrate saturation
is not more than 15%, 10% and 5% at wells NGHP-01-19, NGHP-01-
09, and NGHP-01-08 respectively.

Wood's model gives overestimated results of gas hydrate saturation
in this study area that's why we considered only the modified H-S
lower and upper model.

Modified H-S model
The baseline model for estimation of gas hydrate saturation has

initially given by Dvorkin et al. (1999) i.e. the modified H-S lower
and upper model, which expresses the bulk (Kdry) and Shear (Gdry)
moduli of dry sediments as:

φ / φc
+

1 – (φ / φc)
–1

– (4/3) GHMKdry =
KHM + (4/3)GHM KHM + (4/3)GHM

When φ < φc (7a)

(1 – φ) / (1 – φc)
+

(φ– φc)/(1 – φc)
–1 

– (4/3) GHMKdry =
KHM + (4/3)GHM (4/3)GHM

When φ ≥ φc (7b)

and,

φ /φc
+

1 – (φ /φc )
–1

Gdry = –  Z When φ < φc (8a)
GHM + Z G + Z

(1 – φ) / (1 – φc)
+

(φ– φc)/(1 – φc)
–1

–  ZGdry =
GHM + Z Z

When φ ≥ φc (8b)

Where

Z =
GHM 9 KHM + 8 GHM

(9)
6 KHM + 2 GHM

KHM =
n2 (1 – φc)

2 G2 Peff
1/3

(10a)
18π2 (1 – v)2

GHM =
(5 – 4v) 3n2 (1 – φc)

2 G2 Peff
1/3

(10b)
5(2 – v) 2π2 (1 – v)2

φc is the critical porosity basically considered 40% for high porous
unconsolidated bearing gas hydrate sediments; Peff is the effective
pressure which is the difference between vertical stress and hydrostatic/
or pore pressure (Dvorkin et al., 1999). The pore pressure gradient is
10.11 MPa/km and vertical stress gradient is 10.67 MPa/km (Singha
et al., 2019). After subtraction of pore pressure from vertical stress,
we got the effective stress which is used in the equation (10a and
10b); KHM and GHM are bulk and shear moduli of the rock matrix
which are given by Hertz-Mindlin respectively and n is the average
number of contacts per grain in a sphere pack at porosity φ, which can
be calculated by the following empirical relation (Murphy, 1982).

n = 20 – 34φ  + 14φ2, (11)

and, v is the Poisson's ratio of rock matrix given by

v =
(1/2) (K – (2/3) G)

(12)
K + (1/3) G

Using above equations we have computed bulk and shear modulus
for dry sediments. The elastic moduli of the rock matrix are dependent
on the elastic moduli of the constituent minerals of the rock and their
respective volumetric fraction in the rock (Helgerud et al., 1999).
Elastic parameters of different constituents of the rock matrix and
fluid are shown in Table 2. Rock which is assumed to be composed of
clay and  quartz minerals and the bulk and shear moduli of the rock
matrix is used to calculate the saturation from P-wave and S-wave
velocity by using equations (14) and (15) respectively. These results
were further applied for hydrate saturation by using Gassmann fluid
substitution.

Gassmann Fluid Substitutions
For the saturated rock, bulk modulus is obtained from Gassmann

fluid substitution equation as given by Gassmann (1951) as follows:

(13)

Where, Kf is the bulk modulus ofthe fluid.
Because fluids do not have shear strain, shear waves cannot pass

through the fluid. Hence shear modulus of dry rock and shear modulus
of the saturated rock from equations 7 (a, b) and 8(a, b) are equal.

Gsat =  Gdry

Once the elastic moduli are known, elastic wave velocities are
calculated by:

Vp =  Ksat + (4/3) Gdry (14)
√ ρb

and,
Vs = √ Gdry  / ρb (15)

In case of a mixed mineralogy, the effective elastic constants of
the solid phase are calculated from individual mineral constituents
using Hill (1952) average formula:

K = 1/2 [(Σfi /Ki )
–1 + Σ fiKi ] (16)

G = 1/2 [(Σfi /Gi )
–1 + Σ fiGi ] (17)

and the mineral density is given by,

ρ = Σ ρ i fi (18)

Where, fi, Ki, Gi and ρi are volumetric fraction, bulk modulus,

Table 2. Properties of sediment constituents (after Helgrude et al., 1999)

Constituents Bulk Shear Density P-Wave
minerals Modulus Modulus (g/cc) velocity

(GPa) (GPa) (km/s)

Clay 20.9 6.85 2.58 3.41
Quartz 36.6 45 2.65 6.04
Brine 2.4 0 1.03 1.5
Methane Hydrate 8.7 3.5 0.92 3.8
Methane Gas 0.1245 0 0.25 0.71

���� = �
∅���	 −

�1 + ∅������	
�

+��

�1 − ∅��� + ∅� −
�����	
�

 



JOUR.GEOL.SOC.INDIA, VOL.98, JULY 2022 889

Shear modulus, and density of ith mineral constituent in the
mixture.

It is assumed that gas hydrate is the part of pore fluid and does not
affect the stiffness of the dry frame of rock. In this case elastic moduli
of the fluid (homogeneous mixture of water and gas hydrate) given by
Reuss (1929):

1
=

Sw +
1 – Sw (19)

Kf Kw Kh

and finally we get gas hydrate saturation (Sh) as;

Sh = 1  –  Sw (20)

Where, Sw, Kw, and Kh are water saturation, bulk modulus of
water and bulk modulus of gas hydrate.

In this case rock matrix is considered to be composed of 10%
quartz and 90% shale (based on the gamma ray) and the rock pores
are filled with homogeneous fluid with a mixture of water and gas
hydrate.

It is found that the resistivity derived gas hydrate saturations relative
to pressure core derived gas hydrates saturations are high  due to
assumption of isotropic conditions in the reservoirs having anisotropic
properties. Gas hydrate saturation from the Wood's model gives
higher saturation (>15%) than both the modified H-S model and
electrical resistivity method but gas hydrate saturation computed
from the modified H-S model, and from Archie's empirical relation
have approximately in the ranges 5-13 % shows good result and
overlapping to each other.

The gas hydrate (or free gas) saturation of wells are estimated
from Archie's empirical resistivity method and rock physics models

(the modified H-S model) as shown in Fig.9 (a, b, and c)and the results
are illustrated as in Table 3 respectively. We have crossplotted between
the gas hydrate saturations obtained by Archie and the rock physics
model for three wells specially the gas hydrate zones just above the
BSR, showing excellent match as shown in Fig.10 (a, b, and c ).

RESULTS AND DISCUSSIONS
LWD data has been used to distinguish the gas hydrate and free

gas saturation in the clay-rich sedimentary basin at three sites drilled
in the offshore Mahanadi basin. The GHSZ are lying between 175-
200mbsf, 260-285mbsf and 225-250 for above respective wells. The
gas hydrate saturation using Archie's electrical method and from the
modified H-S model ranges 5-13%, 3-10% and 2-8% in gas hydrate
zone of 175-200m, 160-285m, and 225-250m for well NGHP-01-19,
NGHP-01-09, and NGHP-01-08 respectively. For proper modeling
of the gas hydrate saturation using weighted equation, a modified
H-S model equation (10a, and 10b), the value of n needs to be chosen
efficiently such that the porosity of the regions is very low; the empirical
equation (11) approximates to the modified H-S model and tends

�
Fig.9. Estimation of gas hydrate saturation from sonic velocity using the rock physics model based on the modified H-S upper bound model
(φ>φc), and Archie's electrical resistivity method marked by blue colour shows all are in good correlation for well (a) NGHP-01-19, (b) NGHP-
01-19, and (c) NGHP-01-08 respectively.

Table 3. Gas hydrates saturation with depth for gas hydrate zone (GHZ) and
free gas zone (FGZ).

Well Name Depth range From resistivity From velocity
mbsf using Archie's using rock

method, Sh (%) physics, Sh (%)

GHZ FGZ GHZ FGZ GHZ FGZ
(m) (m)

NGHP-01-19 175-200 208-230 8-12 8-11 5-13 4-11

NGHP-01-09 260-285 290-315 6-10 4-10 3-10 3-12

NGHP-01-08 225-250 257-282 2-5 2-8 2-7 2-9
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towards Wood's model at high porosity. The predicted velocities at
the sites are found to be lower than the actual values. Thus, the velocities
estimated by Wood's method do not match the zone where there is no
indication of gas hydrate. Due to this reason, Wood's models give
overestimated results of the saturation while the modified H-S models
gives satisfactory results. Other models like weighted equation and
time average equation were not implemented for computing gas hydrate
saturation in the study area because they are overestimated compared
to the saturation which are obtained by temperature and resistivity
data in this uncompacted loose soil mostly contained muds i.e. no
cementations between the grains.

The gas hydrate saturations estimated by the Gasmmann equation
based on modified H-Supper bound model for porosity higher than
critical porosity (φ>φc)are in a very good agreement with the reported
value of gas hydrate saturations obtained by temperature profile. Only
modified H-S model was considered here because for lower model,
the elastic parameters become zero at 100% porosity point (Dvorkin
et al., 2019). Hence, according to equations (7a), (7b) (8a) and (8b),
the values of Kdry and Gdry moduli will be equal to KHM and GHM
respectively at critical porosity for (φ<φc), and consequently every
parameters estimated latter are almost equal at most depths of the
wells. Therefore, the estimated gas hydrated (or free gas) saturations
are found same. Only the modified H-S upper model gives satisfactory
results and approximately overlaps with Archie's electrical method in
a ~25m thick zone of the gas hydrate-bearing sediments at NGHP-01-
19 site. In Fig.9, the gas hydrate saturation from velocity using the
rock physics model shows significant variations in the plot, this reason
may be due the presence of gas hydrate pore-filling in the fracture that
causes the anisotropy of the velocity in the gas hydrate-bearing
sediments.

Variation of Gas Hydrates Saturation with P-wave Velocity
In the rock physics models, especially for the modified H-S models,

gas hydrate concentration increases linearly with the increase of
velocity and decreases in free gas model because stiffness of free gas
is higher than the gas hydrate concentration. A theoretical representation
to understand the linear variation of velocity with the hydrate saturation
as shown in Fig.11. We prepared this theoretical plot of gas hydrate
saturation based on 90% clay and 10% quartz with gas hydrate filled
with water for the higher porosity sediments. As for the free gas zone,
the velocity drops or decreases, the saturation estimated by the modified
H-S model would mislead and underestimate the result.

In thee free gas zone below the BSR, the gas saturations obtained
from both methods of the Archie and the rock physics model averagely
matched each other because of the presence of shaliness which reduces
the resistivity in these zones. The modified H-S models have not
accounted for free gas for computation of hydrate saturation; it is only
valid for gas hydrate models.

VP/VS and P-wave Impedance Characteristic Plot
The crossplot technique of Vp/Vs ratio and P-wave impedance is

an important tool to identify the lithology and fluid type in sedimentary
rock. The Vp/Vs is the best fluid indicator because it is significantly
influenced by the presence of fluid types in the reservoir. As the bulk
modulus changes for the presence of water and free gas in a reservoir,
the P-wave velocity sharply drops. Due to unavailability of S-wave
in other two wells, the cross-plot was done for only NGHP-01-19
well with the colour coded by gamma ray value (API) as shown
in Fig.12.

In the study area, the S-wave data are not good quality having
lower values, but badly affected by fluid in uncompacted sediments
below the seafloor. Therefore, the values of VP|Vs ratio become higher
reaching more than 4 to 9 (unitless). Clay/silt,  uncompacted shale,
gas hydrate and free gas bearing sediments have been identified which
is indicated by circles in the Fig.11 based on the ranges of Vp|Vs ratio
and P- impedance with comparing conventional log and temperature
profile at NGHP-01-19 sites. The P-wave impedance of gas hydrate
and free gas-bearing sediments was compared by seismic inverted P-
wave impedance reported in (Singha et al., 2019 and Singha et al.,
2015).The gas hydrate-bearing sediments having higher P-wave
impedance  (>2600m/s*g/cc) with VP|VS ratio ranging from 4.23 to
6.02 and gamma ray value (85-115API) marked by red circle for the
depth range of 175-200m just above the BSR for well NGHP-01-19
while free gas-bearing sediments with low P- wave impedance value
(2420-2637m/s*g/cc) than gas hydrae impedance with low gamma
ray value (<100API) and reasonable lower values VP|VS ratio (<4.07)

   �

   �

Fig.10. Correlation of gas hydrate saturation obtained from Archie's empirical electrical resistivity method and from the rock physics model
(modified H-S model) for well (a) NGHP-01-19, (b) NGHP-01-09, and (c) NGHP-01-08 respectively.

Fig.11. A theoretical plot for understanding the signature of gas hydrate
saturation with velocity from gas hydrate model in two phase medium
with clay in rock matrix assumed 90% and quartz in rock matrix
assumed 10% with porosity of rock 50% with pore filled water and
gas hydrate.
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just below the BSR marked green circle. A reasonable high value of
VP|Vs ratio value (>5) with corresponding wide range of P-wave
impedance (<2200m/s*g/cc) at high gamma ray value (>120API)
indicates clay/silt uncompacted shale indicted by black circle. The
remaining data points may indicate water saturated sediments with
clay/silt.

CONCLUSION
The petrophysical parameters like effective porosity, volume of

shale and gas hydrate saturation from the well data has been evaluated
at NGHP-01 sites. The higher volume of shale indicates clay/silt-
rich bearing sediments. The separation of back ground resistivity and
true resistivity plot helps to estimate possible thickness of gas hydrate
reservoirs above the BSR. Hydrate saturation is computed using
Archie's electrical method ranges from 3-12% at site NGHP-01 in
high porous uncompacted bearing sediments. The estimated saturation
is well matched with saturation obtained by the resistivity data and
the infrared temperature in the wells. The modified H-S model for
upper bound (φ>φc) gives acceptable ranges of saturation in gas
hydrate bearing zone for well NGHP-01-19, NGHP-01-09, and
NGHP-01-08 respectively for higher porosity of unconsolidated
bearing sediments. The major gas hydrate saturation is observed in
NGHP-01-19 site but trace amount of hydrate saturation is observed
in the other well sites. The P-wave velocity is affected by lithology
and the fluid type. Predicted gas hydrate saturations from Archie's
empirical electrical resistivity method and the rock physics model are
slightly different because of the isotropic property of pore-filling
fracture sediments having anisotropy in nature.
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