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a b s t r a c t

During the Indian National Gas Hydrate Program (NGHP) Expedition 01, a series of well logs were
acquired at several sites across the KrishnaeGodavari (KG) Basin. Electrical resistivity logs were used for
gas hydrate saturation estimates using Archie’s method. The measured in situ pore-water salinity,
seafloor temperature and geothermal gradients were used to determine the baseline pore-water resis-
tivity. In the absence of core data, Arp’s law was used to estimate in situ pore-water resistivity. Uncer-
tainties in the Archie’s approach are related to the calibration of Archie coefficient (a), cementation factor
(m) and saturation exponent (n) values. We also have estimated gas hydrate saturation from sonic P-
wave velocity logs considering the gas hydrate in-frame effective medium rock-physics model. Uncer-
tainties in the effective medium modeling stem from the choice of mineral assemblage used in the
model. In both methods we assume that gas hydrate forms in sediment pore space. Combined obser-
vations from these analyses show that gas hydrate saturations are relatively low (<5% of the pore space)
at the sites of the KG Basin. However, several intervals of increased saturations were observed e.g. at Site
NGHP-01-03 (Sh ¼ 15e20%, in two zones between 168 and 198 mbsf), Site NGHP-01-05 (Sh ¼ 35e38% in
two discrete zone between 70 and 90 mbsf), and Site NGHP-01-07 shows the gas hydrate saturation
more than 25% in two zones between 75 and 155 mbsf. A total of 10 drill sites and associated log data,
regional occurrences of bottom-simulating reflectors from 2D and 3D seismic data, and thermal
modeling of the gas hydrate stability zone, were used to estimate the total amount of gas hydrate within
the KG Basin. Average gas hydrate saturations for the entire gas hydrate stability zone (seafloor to base of
gas hydrate stability), sediment porosities, and statistically derived extreme values for these parameters
were defined from the logs. The total area considered based on the BSR seismic data covers w720 km2.
Using the statistical ranges in all parameters involved in the calculation, the total amount of gas from gas
hydrate in the KG Basin study area varies from a minimum of w5.7 trillion-cubic feet (TCF) to w32.1 TCF.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Gas hydrate is a solid substance consisting of an ice lattice in
which hydrocarbon molecules (mainly methane) are imbedded.
Gas hydrate occurswidespread in the KGBasin, eastern continental
margin of India (Collett et al., 2008a; Ramana et al., 2009). Marine
gas hydrate generally occurs within the top few hundred meters of
sediments in continental margins worldwide (e.g. Kvenvolden
et al., 1993). The inclusion of gas hydrate in marine sediments
usually changes the physical properties of the bulk sediment
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subsequently. Gas hydrate can take onmany forms, including small
nodules, lenses, veins, fracture-filling, and pore-filling. In the
simplest model, rising methane combines with the sediment pore
fluid to form gas hydrate, partially replacing the pore fluid
(i.e. pore-filling), but little change to the sediment structure or
volume. More complex models involve gas hydrate crystal growth
by displacement of the ambient sediment, in form of veins, frac-
ture-fill, small nodules, or lenses.

The presence of gas hydrate in-pore space of marine sediments
can therefore significantly affect the bulk physical properties of the
sediments. Gas hydrates exhibit relatively high compressional wave
velocity compared to pore-filling fluids such as water; therefore,
the velocity of gas hydrate bearing sediments are usually elevated
(Stoll et al., 1971; Tucholkeb et al., 1977). Seismic velocities can be
obtained from multichannel seismic data, Logging-while-drilling
(LWD) down-hole sonic velocity, or vertical seismic profile (VSP)
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measurements (Westbrook et al., 1994; Yuan et al., 1996; Paull et al.,
1996). Numerous studies have attempted to relate seismic velocity
to gas hydrate saturation, using a variety of approaches. Most
methods can be classified as empirical porosityevelocity relations
applied to effective porosity reductionmodels (e.g., Hyndman et al.,
1993; Yuan et al., 1996), time-averaging approaches (e.g., Pearson
et al., 1983; Lee et al., 1993), and first-principles-based rock-
physicsmodeling approaches (e.g., Dvorkin and Nur,1993; Carcione
and Tinivella, 2000; Helgerud et al., 1999).

From the various physical-property down-hole logs, resistivity
appears to be the most strongly affected by the presence of gas
hydrate in the marine sediment. Its inclusion in the pore space of
marine sediments can significantly affect the bulk physical prop-
erties of the sediment. The measurement of such properties can
therefore be used to estimate gas hydrate saturation (e.g. Collett
and Ladd, 2000; Yuan et al., 1996). Natural gas hydrate formation
reduces the effective porosity and electric conduction, so that gas
hydrate bearing sediment has high electrical resistivity. Down-hole
resistivity logs have been used extensively to characterize the in
situ properties of gas hydrate bearing sediments and estimation of
gas hydrate saturations (e.g., Collett and Ladd, 2000; Collett, 2002;
Guerin et al., 1999; Helgerud et al., 1999; Hyndman et al., 2001; Lee
and Collett, 2005; Lee and Waite, 2008).

In this study gas hydrate saturation estimates are described
using Archie’s (1942) law from the electrical resistivity log data and
an effective medium modeling approach to predict the P-wave
velocity for different amounts of gas hydrate saturation in the
sediments.

In total 10 of the NGHP Expedition 01 gas hydrate sites from the
KG Basin are used for the gas hydrate saturation estimates.
Specifically we show results from Sites NGHP-01-03, NGHP-01-05
and NGHP-01-07, as representative examples. Site NGHP-01-03, in
1076 m of water, is in the southern portion of the KG Basin, Site
NGHP-01-05, within 945m of water, is located in the central part of
basin. Site NGHP-01-07 is situated on the eastern most part of the
basin at grater water depth around 1285 m (Fig. 1). We assume that
the gas hydrate primarily replaces a portion of the sediment pore
fluid, since no large pieces (“massive”) of gas hydrate were recov-
ered at these site and dispersed gas hydrate has been inferred
(Collett et al., 2008a). The gas hydrate saturation versus resistivity
may be quite different if there are massive gas hydrates that
displace the sediment (e.g., Mathews, 1986). The problem for
Figure 1. Map of the study area in the KrishnaeGodavari Basin, eastern continental
margin of India. Locations of drill sites used in this study area are shown with circles
and site names.
estimating gas hydrate saturation is how to separate the effects on
the down-hole log resistivity data of the resistive hydrate and of the
unusually low salinity in situ pore fluids. In situ pore fluid salinity
measurements from direct down-hole sampling are not generally
available. To obtain the effect of the gas hydrate on the measured
resistivity, the in situ pore fluid salinity was inferred from the
measurement of the interstitial properties of the pore fluid of the
recovered core. Should core-derived values of pore-water salinity
be unavailable, we invoke Arps’ (1953) law to derive the in situ
pore-water resistivity as function of down-hole temperature using
regionally defined seafloor temperatures and thermal gradients,
and seawater resistivity at the seafloor as input parameters (Collett
et al., 2008a; Shankar et al., in press).

In the final part of this study we combine the observation of
bottom-simulating reflectors (BSR) in 2D and 3D seismic data with
the gas hydrate saturations defined from log-parameters to calcu-
late a total volume of gas hydrate in the KG basin.

2. Log data and methods

The down-hole logging program during NGHP Expedition 01
was specifically designed to assess the presence and saturation of
gas hydrates on the continental margin of India (Collett et al.,
2008a). Several LWD and wire-line logging devices were
deployed, as described below. Not all tool strings were run in each
hole. During NGHP Expedition 01, LWD data were acquired at five
sites drilled in the KG Basin on the eastern continental margin of
India.

2.1. Porosity log

Log densityederived porosities are obtained from the LWD
density log by using the formation bulk density (rb), the density of
water (rw) taken to be 1030 kg/m3, and the average grain density
(rg) measured in the core MAD analysis (2750 kg/m3) using the
density porosity formula,

4 ¼
�
rg � rb

�.�
rg � rw

�
(1)

The variance in grain density measurements yielded a standard
deviation ofw 45e100 kg/m3. Note that for the porosity estimate to
exclude bound water, the average grain density must include the
clay component of the sediment matrix. A log measurement of
formation electron density is obtained based on the reduction in
gamma ray flux between a source and a detector on the sonde. The
source (127Cs) emits gamma rays into the formation, which are then
Compton-scattered by electrons in the formation. A fraction of the
emitted gamma rays are scattered toward a gamma ray counter on
the logging tool. The ratio of received to emitted gamma rays
depends on the formation electron density, which is closely
proportional to the formation bulk density because of the well-
known relation between atomic number and atomic mass. High
concentration of certain elements with unusual electron density
responses can result in error (Hearst et al., 2000); however, this is
not expected to be a problem given the composition of the sedi-
ments studied.

Clay minerals, when present in large enough concentration, can
contain a significant amount of bound water that is measured by
the neutron porosity tool as pore space, rather than sediment
matrix. For this reason, in clay-rich sediments, porosity estimates
from neutron logs are generally greater than those from density
porosity. The Archie analysis is first undertaken using the log
density porosity. The density porosity is generally more reliable
than the neutron porosity, since the calibration of neutron porosity
contain additional uncertainties related to the effect of unknown
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amount of hydrocarbon (including gas hydrate and free gas) on
hydrocarbon concentration, and the high sensitivity of the neutron
porosity measurement to hole conditions. Figure 2 shows the
measured LWD porosity at three NGHP Expedition 01 sites.
2.2. Resistivity log data

Down-hole formation electrical resistivity data have been
obtained from NGHP Expedition 01 using conventional wire-line
and LWD logging tools. The instruments both use high-frequency
alternating magnetic fields that induce secondary currents in the
formation. These ground-loop currents produce new inductive
signals, proportional to the conductivity of the formation. The
vertical resolution of the tools is about 2 m, and the data are
reasonably insensitive to variable hole diameter. Resistivity cali-
brations are estimated to be about�10% of the measured resistivity
(Schlumberger, 1989). A medium induction tool and a spherically
focused tool provide additional resistivity data with higher spatial
resolution but they are more affected by the washed-out and
variable hole diameters. The most reliable down-hole resistivity
measurement is obtained from the LWD GeoVISION resistivity at
the bit (RAB) tool. The RAB tool is connected directly above the drill
bit and uses two transmitter coils and several electrodes to obtain
different measurements of resistivity. Resistivity is measured using
a focusing technique: the upper and lower transmitter coils
produce currents in the drill collar that meet at the ring electrode.
In a homogeneous medium, a net current flow perpendicular to the
tool would occur at the ring electrode. This radial current flow
becomes distorted in heterogeneous formations, and the current
required through the ring electrode to focus current flow into the
formation is related to the formation resistivity (Collett et al.,
2008a).

Figure 3 shows representative examples of the RAB resistivity
profiles at three sites of the NGHP Expedition 01. At each of these
Figure 2. Down-hole Logging-While-Drilling (LWD) porosity measurements at three examp
NGHP-01-05 and NGHP-01-07). Red bold line shows the twenty point running average (For
the web version of this article).
sites, the seismically inferred base of gas hydrate stability zone (or
BSR depth) is shown. Used alone, these resistivity logs qualitatively
indicate certain zones of gas hydrate occurrence. High porosity
unconsolidated marine sediments in the study area generally have
resistivities on the order of 1 Um. Certain zones above the inferred
BSR exhibit much higher resistivities and are therefore interpreted
to be gas hydrate bearing, notably at site NGHP-01-03 at
170e200m below seafloor (mbsf), at site NGHP-01-05 in thick layer
56e94 mbsf, and at site NGHP-01-07 in thin layers between 70-90
and 135e155 mbsf.

The base of the gas hydrate stability zone (BGHSZ) can be
inferred from the resistivity logs by a pronounced decrease in
resistivity values from 1.4 to 0.9 Um at site NGHP-01-03 near
200 mbsf, from w1.4 Um to w1.0 Um at Site NGHP-01-05 at
120 mbsf, and at site NGHP-01-07 from w1.4 Um to 1.2 Um. Site
NGHP-01-05 shows an almost constant w1.0 Um resistivity below
the BGHSZ (Fig. 3). Free gas immediately beneath the BGHSZ also
increases the resistivity in general, explaining why no obvious
decrease in resistivity at the BGHSZ may be observed at some sites.
In some cases the log-defined BGHSZ is shallower than the seis-
mically defined BSR, probably reflecting uncertainties in velocity-
depth conversions.
2.3. Archie’s law for electrical resistivity

Gas hydrate bearing sediments exhibit relatively high electrical
resistivity values in comparison to water-saturated units, which
suggest that a down-hole resistivity log can be used to identify and
assess the amount of gas hydrate present within a sedimentary
section. The relation between rock and pore fluid resistivity has
been studied in numerous laboratory and field experiments. Many
subsequent studies using borehole log data, core data and labora-
tory measurements have confirmed the exponential relation to be
a good approximation for relating resistivity to porosity (e.g.,
le sites from India National Gas Hydrate Program (NGHP) Expedition 01 (NGHP-01-03,
interpretation of the references to colour in this figure legend, the reader is referred to



Figure 3. Measured Logging-While-Drilling (LWD) resistivity Rt (black) and 100% water-saturated resistivity Ro (red), determined from the Archie analysis of down-hole data from
India National Gas Hydrate Program (NGHP) Expedition 01, at three sites of the well transect. Ro is calculated from the log density porosity. Estimates of the base of gas hydrate
stability zone (BGHSZ) sometimes differ from seismically defined bottom-simulating reflector (BSR) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Jackson et al., 1978; Swanson, 1979; Hilfer, 1991; Ioannidis et al.,
1997), and adequate for the purpose of this study.

The electrical resistivity of water-saturated sediments (Ro) can
be expressed using the Archie’s (1942) equation as given below:

Ro ¼
�
aRw=4m

�
(2)

where, Ro is the formation resistivity of water-saturated sediment,
Rw is the resistivity of the connate water, a and m are Archie
constants, and 4 is the porosity. Archie constants a and m can be
derived empirically; a is Archie coefficient and m is commonly
called the cementation factor. These a and m values depend on the
interaction between the host sediments and gas hydrate in the
porous medium. From a physical perspective, the value of param-
eters a andm depends on the inter-connectivity of the pore spaces,
which in turn depends on lithology, cementation, and grain size
distribution (Hearst et al., 2000). Smaller values of a and m are
Table 1
Archie’s constants (a and m) derived from pickett plots for the 10 sites in the KG Basin, and
02, -04, -06, -11 were determined using Arp’s formula. All other sites are based on estim
Fofonoff (1985) (Values denoted by asterisk have been adjusted for fracture-filling gas h

Site Seafloor
Temperature

Geothermal
gradient (�C/km)

BGHSZ (mbsf) Hydra

NGHP-01-02 6.5 45 170 e

NGHP-01-03 6.5 39 209 170e
NGHP-01-04 6.7 42 182 82e1
NGHP-01-05 7.1 44 125 56e9
NGHP-01-06 7.9 37 210 106e
NGHP-01-07 5.2 52 188 70e9
NGHP-01-11 6.7 42 150 98e1
NGHP-01-14 7.9 38 109 83e8
NGHP-01-15 7.7 40 126 70-89
NGHP-01-16 5.9 52 170 61e7
qualitatively indicative of well inter-connected pore spaces (i.e.,
lower Ro for a given 4 and Rw). Equation (2) can be solved for the
ratio of water-saturated sediment resistivity and connate water
resistivity gives formation factor (i.e. F ¼ Ro/Rw ¼ a4�m). The gas
hydrate saturation (Sh) in the formation from the resistivity log data
can be estimated from Archie’s (1942) equation given below.

Sh ¼ 1�
 
aRw4�m=Rt

!1=n

(3)
2.4. Determination of Archie parameters

To make a quantitative estimate of the amount of gas hydrate
using electrical resistivity log data we apply the Archie relationship
to the resistivity and porosity logs recorded at 10 sites in the KG
Basin including Site NGHP-01-02, -03, -04, -05, -06, -07, -11, -14,
-15, and -16 (see summary of values in Table 1). By using the
average gas hydrate saturation for entire gas hydrate stability zone. Sites NGHP-01-
ates of the in situ pore-water resistivity using the equation of state of seawater by

ydrates, details see text).

te Bearing Zone (mbsf) Archie
constants

Average Sh Pickett plot R2

value

a m

2.02 1.35 0.002 0.80
200 2.27 0.98 0.02 0.60
00 1.63 1.69 0.012 0.73
4 2.23 1.12 0.023* 0.84
210 1.80 1.48 0.044 0.80
0/135e155 1.91 1.16 0.046* 0.77
13 1.55 1.61 0.023 0.77
6/90e97 2.29 1.20 0.01 0.77
/90-104 3.37 0.58 0.034 0.53
9/90e154 3.34 0.31 0.10 0.41
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Archie’s (1942) law, sediment bulk electrical resistivity for purely
(saline) water-saturated sediments can be calculated by equation
(2). However, we calculated Rw using the equation of state of
seawater (Fofonoff, 1985). Pressure is taken to be hydrostatic, in situ
temperature measurements, core-salinity measurements at the
same site and geothermal gradient constrained from the NGHP
Expedition 01 are utilized to derive the resistivity of connate water.
Figure 4 shows the pore-water resistivity versus depth profiles
derived from the core-salinity, seafloor temperature, and
geothermal gradient for Sites NGHP-01-03, -05, and -07. Solid lines
represent the smooth linear fit for the interpolation of the Rw using
linear fit regression equations for the respective sites. The calcu-
lated Rw from the measured salinity and temperature along with
estimated electrical resistivity for the three NGHP drill sites shows
slightly decrease in resistivity with the depth below seafloor. We
utilize density porosity in all the outlined calculations. Empirical
Archie parameters a andm can then be estimated from a cross-plot
of formation factor (F) and density porosity (4) (Pickett plot) for
sediments containing no gas hydrate (Fig. 5). Gas hydrateefree
zones are chosen from the different holes, where little or no gas
hydrate was interpreted (i.e. no large spikes in resistivity logs are
observed).

On Figure 3 the difference between the calculated in situ resis-
tivity (Ro) and measured log resistivity (Rt) for the three sites used
as representative examples can be clearly observed. This figure
demonstrates that the calculated Ro agrees well with the measured
resistivity for most intervals; however the calculated Ro is higher
than the measured resistivity where significant amount of shale
(clay) exists. This implies that the clay effect on resistivity may be
significant at the KG Basin wells, partly because of the high resis-
tivity of the connate water itself.

In the absence of core-derived in situ pore-water salinities and
geothermal measurements, we invoke Arps’ (1953) formula to
define the in situ pore-water resistivity:
Figure 4. Calculated resistivity of connate water (Rw) at three India National Gas Hydrate P
measured temperature and salinity using Fofonoff (1985) equation of state for seawater. So
R1ðT1 þ 21:5Þ ¼ R2ðT2 þ 21:5Þ (4)
where R1 is a known resistivity at temperature T1. We used
seawater resistivity at the seafloor of salinity 34 ppt, and sea-
bottom temperatures as defined from empirical relationships by
Shankar et al. (in press) to define R1. Geothermal gradients are
derived from empirical relationships by Shankar et al. (in press) to
estimate the down-hole trend in Rw. The main limitation in this
approach is the assumption of constant pore-water salinity trends
with depth (here we use 34 ppt). However, only minor variations in
the pore-water salinity were encountered during the drilling with
most sites cored showing 34 þ 1.5 ppt down-hole (Collett et al.,
2008a), and only negligible freshening trends were seen,
excluding the induced freshening from gas hydrate dissociation
upon core recovery. Using the Arps’ (1953) formula allowed us to
augment the data base of resistivity-based gas hydrate saturation
estimates by including Sites NGHP-01-02, -04, -06, and -11, all of
which have LWD data but were not selected for additional coring.

2.5. Sonic log data

The LWD Sonic VISION tool was used during the India NGHP
Expedition 01. The tool records monopole acoustic waveforms
(13 kHz) at four receiver locations above the source along the tool
string (at 3.05, 3.25, 3.45, and 3.65 m distance). LWD sonic
measurements are affected by the drilling noise. Therefore
consecutive waveforms are stacked (on average eight) to increase
the signal-to-noise ratio. The sonic tool must also be kept central-
ized in the borehole to maximize the signal strength. Down-hole
velocity data were also measured by WL logging with the dipole
sonic imager (DSI) tool; however, typically the drill-string is low-
ered into the formation by w50e60 m, thus limiting the depth
interval of available data. The DSI measures P- and S-wave transit
times between a sonic transmitter and an array of eight receiver
rogram (NGHP) Expedition 01 sites (NGHP-01-03, NGHP-01-05 and NGHP-01-07) with
lid bold line shows the best linear fit .



Figure 5. Formation factor (FF) is plotted versus porosity (Pickett Plot) for (a) site
NGHP-01-03, (b) Site NGHP-01-05, and (c) Site NGHP-01-07. The data points are all
taken from non-hydrate bearing sediments and sub-BSR zones. The bold solid line is
the best exponential fit, giving Archie’s parameters, which are summarized in Table 1.
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groups at 15 cm spacing. P- and S-wave transit times (slowness) are
used to compute P- and S-wave velocity, with the data processing
done in real time. The vertical resolution of the tool is 107 cm, and
the depth of investigation is w10 cm. The hole size calculated from
the caliper log shows an irregular hole, with alternating 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 the good
agreement between the density log and the core measurements.
While this naturally coincides with a good agreement between the
porosity measurements on core samples and the densityederived
porosity log, the neutron porosity log indicates larger values due to
the bound clay water. This difference is due to the large hole in
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
boreholewall. The quality of the sonic logs is therefore good (Collett
et al., 2008a). P-wave velocities for three sites from NGHP Expe-
dition 01 sonic logs are shown in Figure 6.
2.6. Rock-physics modeling

An alternative approach to empirical porosityevelocity relations
and time-averaging is to derive bulk sediment elastic properties
from a rock-physics model (e.g., Dvorkin and Nur, 1993; Carcione
and Tinivella, 2000; Helgerud et al., 1999). A comparison of theo-
retical methods, including various rock-physics models is given by
Chand et al. (2004). The rock-physics model used in this study is
that of Helgerud et al. (1999), developed for high porosity clay-rich
marine sediments.

The approach of Helgerud et al. (1999) was to build a first-
principles-based effective medium model for the elastic moduli of
high porosity marine sediments containing gas hydrate or free gas.
The model requires knowledge of the porosity and of the elastic
moduli of the sediment constituents: gas hydrate, free gas, the
pore-water, and the sediment grains. A baseline model for fully
water-saturated sediments developed by Dvorkin et al. (1999) is
used as a starting point. The sediment matrix is modeled as packed
spheres, each with 8 grain contacts. The elastic properties of the
effective medium composed of the fully water-saturated sphere
pack is then calculated from first principles. Applied to a sediment
column with known mineral constituents and known poros-
ityedepth profile, this model gives a baseline no-hydrate velocity-
depth profile. However, it is relatively sensitive to the mineral
assemblage chosen in the modeling.

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 et al., 1999). Gas hydrate is modeled either as part of the
pore fluid (gas hydrate in-pore), or 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 sediment pore
space, without adding stiffness to the sediment frame. As a conse-
quence, the sediment S- (shear) wave velocity is nearly unaffected
by the occurrence of gas hydrate. For the gas hydrate in-frame
model, elastic properties of the sediment frame are recalculated,
with grains of gas hydrate included as part of the sediment frame.
Under this mode of occurrence, gas hydrate adds some stiffness to
the sediment frame, and the sediment S-wave velocity is slightly
increased by gas hydrate butmuch less so than for amodel inwhich
gas hydrate cements the grain contacts (e.g., 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 satura-
tion (slightly more for the gas hydrate in-framemodel). Application
of this effective medium model to down-hole VSP data from ODP
Leg 164 Hole 995 at the Blake-Bahama Ridge gas hydrate site
indicated that the gas hydrate in-frame model is most accurate in
high porosity clay-rich marine sediments (Helgerud et al., 1999).



Figure 6. P-wave velocity measurements from LWD logs and predicted velocities for gas hydrate bearing sediments using the gas hydrate in-frame rock-physics model for varying
gas hydrate saturations at the three Sites NGHP-01-03, -05, and -07 (from left to right). Straight lines are based on smoothed porosity trends, whereas a twenty point running
average was also used to achieve higher resolution in the prediction.
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3. Gas hydrate saturation (Sh) estimation from logs

There is an extensive body of literature on the use of well logs
for estimating gas hydrate saturations (e.g., Collett et al., 1984,1999;
Collett, 2001; Collett and Lee, 2004; Kleinberg et al., 2003, 2005;
Lee and Collett, 2008; Mathews, 1986; Guerin et al., 1999,
Hyndman et al., 1999). The most commonly used logs for gas
hydrate saturation estimates include resistivity and sonic logs.
Below, we discuss the gas hydrate saturation estimates based on
resistivity and sonic measurements at the three example NGHP
Expedition 01 sites (NGHP-01-03, -05, and -07).
3.1. Gas hydrate saturation from resistivity

With the empirically estimated Archie parameters a, m, and n,
equation (3) can be used to calculate Sh. Gas hydrate saturation
estimates from electrical resistivity logs are sensitive to n at higher
gas hydrate saturations. From a physical perspective, choosing
a value for n similar to that of m implies the assumption that the
effect of gas hydrate formation on the electrical resistivity is similar
to that of simple effective porosity reduction. Pearson et al. (1983)
calculated an estimate for n of 1.94; however, modeling by
Spangenberg (2001) has shown that n depends somewhat on grain
size distribution and the gas hydrate saturation itself. We used
(n ¼ 1.94) for our estimates.

Down-hole profiles of gas hydrate saturation (Sh) from resis-
tivity at the three sites are shown in Figure 7. Two zones in the
interval from 70m to 90m, with Sh-values almost at 38% are seen at
site NGHP-05. Site NGHP-03 shows gas hydrate saturations that are
overall less than 10% with few thin intervals showing saturation
reaching up to 20%. At site NGHP-07 gas hydrate saturation is up to
30% in two intervals from 25 m to 40 m and 145 me153 m (Fig. 7).
The average gas hydrate saturation estimated from all ten sites
using resistivity logs are given in Table 1. A discussion on effects
from fracture-filling gas hydrate on the resistivity-based satura-
tions is given below.

3.2. Gas hydrate saturation using rock-physics modeling

At each well site, a reference velocity-depth profile is calculated
from the Helgerud et al. (1999) rock-physics model to match the
observations in the measured LWD velocity logs. Two porosity
trends are adopted: one is the smoothed linear fit and the other
a 20 point running average porosityedepth profile. The averaging
mineralogy is taken to be 90% clay and 10% quartz, with the elastic
parameters of the sediment constituents summarized in Table 2. To
estimate gas hydrate saturation, P-wave velocity vs. depth profiles
for various gas hydrate saturations are computed, using the gas
hydrate in-frame model. These constant gas hydrate saturation
profiles are plotted with measured P-wave velocity data to provide
an estimate of gas hydrate saturation.

Figures 6 shows gas hydrate saturation estimates from the gas
hydrate in-frame rock-physics models, estimated from P-wave
velocity data for the three NGHP Expedition 01 example sites. Esti-
mates from the rock-physicsmodeling are in overall agreementwith
result from the electrical resistivity approach; however, results from
velocity modeling show a tendency to slightly higher average values
(Table 3). P-wave velocity data at site NGHP-01-03 predicts gas
hydrate saturation of maximum 10%. In the high Sh area at site
NGHP-01-05 starting from depth around 70 mbsf up to the BSR
depth is more than 10% and less than 20%. At site NGHP-01-07
estimated gas hydrate saturation are over 10% (starting atw70mbsf)
and saturation increases from depth 150-188mbsf up to 20% (Fig. 6).

4. Regional gas hydrate volume assessment

In this exercisewe attempted to estimate the total amount of gas
hydrate in the study area of the KG basin, which can be used later as



Figure 7. Gas hydrate saturation estimates from resistivity log using Archie analysis for the three sites of the NGHP Expedition 01 well transect, calculated using the log density
porosity method. Values below BSR are not representing gas hydrate saturations.
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key ingredient in other studies related e.g. to carbon cycles and
climate change. We base the calculations on the assumption that
we only find structure-I gas hydrate, as the drilling showed that
99.9% of the gas recovered (in voids and from gas hydrate samples)
is biogenic methane (Collett et al., 2008a).

The first step in this calculation is the definition of the areal
extent of gas hydrate occurrence. We base this on seismic obser-
vations of the BSR (Fig. 8), acknowledging that this may result in an
overall conservative estimate, as the absence of a BSR does not
necessarily mean an absence of gas hydrate. However, conversely,
the presence of a BSR does indicate the presence of gas hydrate. But
the BSR in itself does not provide information on how much gas
hydrate may be present and where it is located within the gas
hydrate stability zone. Using the distribution of BSRs in the 2D and
3D seismic data (Fig. 8) we define the areal extent of gas hydrate
occurrence to w720 km2. The vertical extent of the gas hydrate
stability zone (GHSZ) can be calculated from the depth of the BSR
and transforming the observed travel-times to meter below
seafloor (mbsf) using seismic velocity. An average velocity of
1580 m/s was used based on the available sonic log data and the
average thickness of the gas hydrate stability zone below seafloor is
177 m. This yields a total volume of w1.27 � 1011 m3 of sediments.

Porosity logs from the 10 sites investigated show that porosity is
typically ranging between values near w70% at the seafloor to
w55% around the depths of the BSR (Fig. 2). An average of 60%
(�5%) can therefore be assumed for further calculations.
Table 2
Elastic properties of sediment constituents (After Helgerud et al., 1999).

Sediment Constituents Bulk Modulus (GPa) Shear Modulus (Gpa)

Clay 20.9 6.85
Quartz 36.6 45.0
Pore-Water 2.4 0.0
Methane Hydrate 8.7 3.5
Methane gas 0.1245 0.0
When combining gas hydrate saturation (Sh) with estimates of
the thickness of the gas hydrate stability zone (which is basically
the thickness between seafloor and the BSR) an average gas hydrate
saturation for the same thickness needs to be defined. However, our
data are in most cases incomplete, as reliable log data are not
available for the entire zone of interest, and on average good-
quality logs start atw30mbsf for LWD, and below the casing set for
wire-line logging (50e60 mbsf). We therefore fill in the missing
log-intervals and in all cases we replaced themissing intervals with
Sh ¼ 0. While this is likely valid for the LWD log data cases, where
the missing interval is the shallowest interval (top 30 mbsf), and no
gas hydrate is expected here, this cannot be necessarily assumed for
the wire-line log data cases (Sites NGHP-01-14, -15, -16), where gas
hydrate may be occurring within the interval occupied by the drill-
pipe. In such case we verified the absence of gas hydrate using
available gas hydrate proxies from the core data, i.e. presence of
Infra-red anomalies, mousse-like textures of the sediments, and
pore-water freshening. All gas hydrate saturation estimates based
on electrical resistivity and P-wave velocity from all Sites used in
this study are summarized in Tables 1 and 3. If gas hydrates satu-
rations from both, resistivity and P-wave velocity are available, the
two values are combined for the site and one average Sh-value is
used for further calculations. Finally all gas hydrate saturation
estimates at all 10 Sites are averaged, yielding a value of 4.05% of the
pore spaces. The total amount of gas hydrate (TGH) can now be
calculated:
Density (g/cm3) P-wave Velocity (km/s) S-wave Velocity (km/s)

2.58 3.41 1.63
2.65 6.04 4.12
1.03 1.5 0.0
0.92 3.8 2.0
0.25 0.71 0.0



Table 3
Average gas hydrate saturation for entire gas hydrate stability zone for various NGHP
sites from rock-physics model.

Site Logged BGHSZ
(mbsf)

Hydrate occurring zone (mbsf) Average Sh

NGHP-01-02 LWD 170 118e160 0.03
NGHP-01-03 LWD 209 99e109,188e197 0.043
NGHP-01-04 LWD 182 112e131, 150e182 0.027
NGHP-01-05 LWD 125 85e114 0.028
NGHP-01-06 LWD 210 64e80, 168e191 0.077
NGHP-01-07 LWD 188 70e77, 124e129, 160e188 0.093
NGHP-01-11 LWD 150 111e150 0.033
NGHP-01-14 WL 109 70e109 0.026
NGHP-01-15 WL 126 65e126 0.048
NGHP-01-16 WL 170 60e80, 90e120 0.089
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TGH ¼ Area� GHSZ� Porosity� Sh ; (5)

with an area of 720 km2, a thickness of the GHSZ of w177 m, an
average porosity of 60% and an average Sh of 4.05%, the total amount
of gas hydrate is w3.1 � 109 m3. Converting this to the amount of
gas, we use a volume-change factor of 164 and getw5.08� 1011 m3

of gas (equivalent to w17.94 trillion cubic feet, TCF). Porosity may
change by �5% and the standard deviation for the average gas
hydrate saturation is w2.65%. Thus the total amount of gas hydrate
may vary fromw9.8� 108 tow5.6� 109 m3 (or equivalentw5.7 to
w32.1 TCF of gas).

5. Discussions

The presented gas hydrate saturation estimates are based on
several assumptions, where the most fundamental assumption is
the mode of gas hydrate occurrence as pore-filling medium
(effectively reducing porosity, without adding stiffness to the
overall sediment matrix or cementing the individual sediment
constituents) so that Archie’s (1942) relationship and an effective
mediummodel can be invoked in the calculations. From the 10 drill
sites selected, Sites NGHP-01-05 and NGHP-01-07 have a different
mode of gas hydrate occurrence in dominantly fracture-filling form
(Collett et al., 2008a; Lee and Collett, 2009; Cook and Goldberg,
Figure 8. Observed BSR depth distribution from 2D and 3D seismic lines. The color bar
represents depth of BSR below seafloor in two-way time (TWT, in sec) and meters,
respectively. Dotted outlined area (w720 km2) was used for volume estimation (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).
2008a, b). It has been shown that in case of fracture-dominated
gas hydrate occurrence, the standard Archie analysis overestimates
the gas hydrate saturation (Lee and Collett, 2009). We derived gas
hydrate saturations as high as 38% of the pore space for intervals at
Site NGHP-01-05 and -07 (Fig. 7) that had considerable amounts of
fracture-filling gas hydrate. It should be noted that the P-wave
velocity logs at both sites do not show the same structure with
elevated velocities in certain intervals that would yield artificially
high gas hydrate saturations. This is likely due to the geometry of
the LWD velocity tool not being as receptive to the anisotropy
imposed by the fractures as the resistivity tool. Using the recovered
pressure cores from these intervals of fracture-filling gas hydrate as
a reference for gas hydrate saturations it is possible to downscale
the resistivity-based estimates. In case of Site NGHP-01-05, gas
hydrate saturations derived from pressure cores aremaximum 9.4%
(of pore-volume) for the fracture-dominated intervals (about one
quarter to a third of the log-derived estimates). This factor
(0.25e0.33) between Archie-based and pressure core-derived
saturation estimates is very similar to observations made by Lee
and Collett (2009) at Site NGHP-01-10. However, some care must
be taken in the comparison: Pressure cores are typically 1 m long
(often less) with a diameter of 4.3 cm and thus represent only
a small portion of the gas hydrate interval tested. Also, pressure
core recovery is not always successful, giving an incomplete picture
of the in situ conditions. While these pressure core-derived satu-
rations are very accurate, they may also represent the low-end of
possible values. However, in order to account for violating the
assumption of pore-filling gas hydrate and using Archie’s (1942)
law, and thus overestimating the saturations, we weighted the
intervals of fracture-filling gas hydrate at Site NGHP-01-05 and
NGHP-01-07with a factor of 0.3. This resulted in a reduction for the
resistivity-based average Sh-value from 6.1% to 2.3% at Site NGHP-
01-05 and from 5.7% to 4.6% at Site NGHP-01-07 (Table 1). In
comparison, average Sh from velocity modeling at Site NGHP-01-05
yielded a saturation of 2.8% and at Site NGHP-01-07 a saturation of
9.3%. We also want to note that we excluded Site NGHP-01-10 from
the calculations as this site is very unusual for the KG Basin. At Site
NGHP-01-10 the entire gas hydrate occurrence zone is fracture-
dominated and probably this site was a cold-vent in geologic
history as suggested by the presence of buried chemo-synthetic
communities (Collett et al., 2008a; Mazumdar et al., 2009). Esti-
mates of gas hydrate saturations based on the log-properties have
already been shown as heavily biased to too high values by Lee and
Collett (2009) who introduced a modeling approach incorporating
anisotropy. However, conditions as at Site NGHP-01-10 have not
been encountered anywhere else during the drilling expedition,
thus it is notmeaningful to include this area into the overall volume
estimate.

Additional uncertainties in the resistivity-based Sh-value arise
from the methodology itself, i.e. the Pickett plot analysis to derive
empirical Archie parameters a and m, as well as the assumed value
of n. In part these uncertainties are quantified by the R2 value of the
fit of Archie’s (1942) relation to the data (Fig. 5, Table 1). A different
approach to the Pickett plot analysis was used during the India
NGHP expedition to estimate gas hydrate saturation onboard
(Collett et al., 2008a), where the Archie coefficient a is held
constant at 1.0, and only m is being defined statistically from the
data. Both approaches yield on average the same saturations.

The main source of uncertainty in gas hydrate saturation esti-
mates from the rock-physics modeling approach is related to the
choice of the mineral assemblage used to build the model, and the
elastic properties of those mineral components. We based our
choices on the sedimentological descriptions of the recovered core.
The fact that our baseline of ’0’-gas hydrate follows closely the
measured P-wave velocity in the intervals where no gas hydrate
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was encountered (especially when using a 20 point average for the
porosity, Fig. 6) increases our confidence in the derived gas hydrate
saturation estimates from this technique.

Calculation of the total amount of gas hydrate in any given area
is always challenging because of the many assumed parameters
required. While linking the area of gas hydrate and the thickness of
the stability zone to the occurrence of a BSR appears favorable (the
presence of a BSR always indicates gas hydrate), this approach is
conservative. Areas without a BSR are not necessarily hydrate-
barren. Also, gas hydrate has been seen to be favorably within the
sandy sections of sediments and also can occur strata bound,
instead of pervasively spread out homogenously in the pore space
of the sediment.Without a detailed seismic-based inversion (e.g. by
Dai et al., 2008; Riedel et al., 2009) and close links between the logs
and seismic events (e.g. specific sand layers), the only approach is to
capture all uncertainties and define statistically meaningful
extreme values. The resulting total amount of gas hydrate varies
from 9.8 � 108 to 5.6 � 109 m3 (or equivalent 5.7 to 32.1 TCF of gas)
in our study area. The value can bemeaningful for modeling studies
looking into carbon cycles or impacts on climate change on gas
hydrate dissociation. In terms of a resource assessment, the values
provided by this study for the KG basin are probably less mean-
ingful as they are pure “in place” estimates and not tied to a given
reservoir (defined geologically) and a production technology.
Regional assessments incorporating local geology (e.g. amount of
sand occurrence) and gas hydrate production technology have been
conducted for other areas such as the North Slope of Alaska (Collett
et al., 2008b) and the Gulf of Mexico (Frye et al., 2008). However,
these assessments are based on a larger drilling data set and
a larger amount of seismic data.

6. Conclusions

We have used available logging data from the India NGHP
Expedition 01 to derive estimates of gas hydrate saturation at 10
sites within the KG basin (NGHP-01-02, -03, -04, -05, -06, -07, -11,
-14, -15, -16). We also used available 2D and 3D seismic data to
calculate the total amount of gas hydrate present in the study area.

Gas Hydrate saturations were estimated using electrical resis-
tivity and P-wave velocity logs. Resistivity logs were analysed using
Archie’s (1942) relation, combined with core-derived trends for in
situ pore-water salinity and measurements of geothermal gradi-
ents. In the absence of core-derived measurements of these
parameters, we used Arps’ (1953) formula to derive in situ pore-
water resistivity. We found that the Arps’ (1953)-method repro-
duced reasonably well the down-hole trends in resistivity when
compared to those derived from actual core measurements. Gas
hydrate saturation from electrical resistivity can, however, be
biased if gas hydrate does not occur in a pore-filling mode. At two
sites, gas hydrate occurs as dominantly fracture-filling and thus
resistivity-based estimates are too large. We used results from
pressure cores to downscale the hydrate saturations for the inter-
vals of known fracture-filling by a factor of 0.3 (empirically defined
by comparing pressure core results with log-based values of
hydrate saturation).

In order to estimate gas hydrate saturation from P-wave
velocity, we used an effectivemediummodeling approach, defining
average mineral assemblages based on sedimentological core
descriptions, and using density porosity as input parameters. In
general P-wave velocity and electrical resistivity-based approaches
yield similar gas hydrate saturations.

A first attempt to a regional assessment of gas hydrate in the KG
basin yields a range of total gas hydrate from w9.8 � 108 to
w5.6 � 109 m3 (or equivalent w5.7 to w32.1 TCF of gas) in our
study area. This is based on a regional area estimate of w720 km2
(where a BSR was found in 2D and 3D seismic data), average
thicknesses of the gas hydrate stability zone (BSR depth), average
porosities (55%e65%) and average gas hydrate saturations
(Sh ¼ 0.0405 � 0.0265) from the log analyses at 10 sites.
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