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Abstract  

 During NGHP–Expedition–01, well logs were obtained for gas hydrate exploration in Krishna–
Godavari (KG) offshore basin. These logs coupled with a suitable rock physics model can be used to 
understand the interaction between the sediment grains of unconsolidated marine sediments as well as 
with hydrate. In this paper, we study the friction–dependent effective medium model (EMM) to 
understand these grain interactions. The compressional (P) and shear (S) wave velocities of fluid 
saturated sediments are estimated using different friction parameters at Site NGHP–01–03, which 
represent the background fluid–saturated marine sediment, and are compared with the observed 
velocities derived from sonic logs. Our analysis shows that the shear velocity is over estimated for the 
Hertz–Mindlin contact theory [no–slip across the grain contact], but can be accurately estimated for the 
Walton’s smooth contact model [zero friction across the grain contact]. It suggests that the background 
shear wave velocity need to be modeled without friction at the grain contact for unconsolidated marine 
sediments. Further, the friction–dependent EMM theory is tested at Site NGHP–01–07 which represents 
the load–bearing gas hydrate deposits in KG basin. The comparison between the gas hydrate saturations 
estimated from sonic and resistivity logs shows that saturations estimated from P–wave velocity match 
well with those estimated from resistivity and chloride anomaly and is largely independent of the 
frictional parameter. However, gas hydrate saturations estimated from shear wave velocity is 
overestimated in the absence of friction but agrees with the other estimates if an arbitrary small friction 
is included in the EMM. We further extended the friction-dependent EMM for multi-grain contact (clay 
+ quartz + hydrate) in which the effective modulus of sediment matrix is estimated by accounting for all 
possible contact combinations among the grains like quartz–quartz (QQ), clay–clay (CC), clay–quartz 
(QC), quartz–hydrate (QH), clay–hydrate (CH), and hydrate–hydrate (HH). The gas hydrate saturations 
estimated from shear velocity assuming the same non-zero friction term are underestimated as compared 
to those estimated from P–wave velocity. Interestingly, the saturations estimated assuming zero-friction 
from both P– and S–wave velocities are comparable to each other and shows a good match with those 
estimated from resistivity logs and chloride anomalies. The proposed EMM with zero friction and mixed 
grain contact is able to predict the velocities of fluid–saturated sediments as well as gas hydrate bearing 
sediments in KG offshore basin.     

Keywords: gas hydrate, rock physics, effective medium model, grain contact theory, NGHP 

Expedition–01 
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1. Introduction 

 Gas hydrate is a naturally occurring, crystallized solid composed of water and hydrocarbon gas 

(mainly methane) molecules and is stable within a zone of high pressure and low temperature in marine 

sediments known as the gas hydrate stability zone (GHSZ) (Sloan, 1998). The presence of gas hydrate is 

inferred from the analysis of seismic and logging data. In the seismic data, the presence of gas hydrate is 

manifested in the form of anomalous reflector known as bottom simulating reflector (BSR) which 

represents the interface between the overlying gas hydrate bearing sediments and underlying free gas 

bearing sediments (Hyndman and Spence, 1992; Singh et al., 1993). In well–log data, its presence is 

inferred from the increase in electrical resistivity and elastic velocities as compared to that of fluid 

saturated sediments.  

In situ gas hydrate saturations can be estimated from the analysis of logging while drilling 

(LWD), wireline logs and pressure cores. In order to quantify gas hydrate, a relationship between the 

physical property and gas hydrate/free gas saturation is required. For example, Gas hydrate saturation 

can be estimated from resistivity data using Archie’s equation (Archie, 1942). Likewise, various velocity 

models based on either empirical relationships or first principles are required for estimating saturations 

from sonic logs. Depending on the distribution of gas hydrate within the sediments, several rock physics 

models like the cementation theory (Ecker et al., 1998), effective medium model (EMM; Helgerud et al., 

1999), effective medium theory using self–consistent approximation (SCA) and differential effective 

medium (DEM) (Jakobsen et al., 2000), modified Biot–Gassmann theory (Lee, 2002), three–phase Biot 

type equation (TPBE; Carcione and Tinivella, 2000; Guerin and Goldberg, 2005; Lee and Waite, 2008) 

are proposed. A general comparison among these models (Chand et al., 2004) suggests that different 

rock physics models exhibit similar P– and S–wave velocities for hydrate free sediments, but show 

marked difference in the velocities of gas hydrate bearing sediments.  

 Drilling/coring activities during National Gas Hydrate Program Expedition–01 (NGHP–01) has 

established the presence of gas hydrate in Krishna–Godavari (KG), Mahanadi and the Andaman basins 

(Collett et al., 2008; Collett et al., this volume; Kumar et al., this volume). In some cases, massive 

hydrate is visually observed in the sediment cores from KG basin. In most cases, pressure cores were 

deployed to confirm the presence of gas hydrate. Sedimentological data reveals that sediments in KG 

and Mahanadi basins are clay dominated with 85–95 % clay and 5–15 % silt (Collett et al., 2008).  



3 

 

Several rock physics theories have been formulated for gas hydrate bearing sediments in KG 

offshore basin. The pressure core X–ray images and resistivity at bit (RAB) images from Site NGHP–

01–10, KG basin, show fracture–filled gas hydrate in clay dominated sediments (Collett et al., 2008). 

Based on this observation, Lee and Collett (2009) proposed an anisotropic rock physics model in which 

the effective properties of the medium are obtained using Backus average theory (Backus, 1962) for 

different gas hydrate saturations. The study of amplitude variation of BSR with incidence angle in the 

vicinity of site NGHP–01–10 also suggests that the medium is anisotropic and realistic gas hydrate 

saturation as well as fracture azimuth can be estimated assuming the anisotropic rock physics model 

(Sriram et al., 2013). In both of these studies, the TPBE (Lee and Waite, 2008) has been used to model 

the P– and S–wave velocities of the background clay dominated sediments. The TPBE model depends 

on a consolidation parameter (Pride et al., 2004) which is a function of pressure/depth and is obtained 

empirically so that the estimated background P–wave velocity is close to the observed velocity. Such 

empirical relationship is good for modeling velocities, but it does not give any insight into the physical 

interaction between the sediments and the gas hydrate. Therefore, we attempt to model the P– and S–

wave velocities of clay dominated hydrate bearing sediments using the first principle based effective 

medium model (EMM) (Dvorkin et al., 1999; Helgerud et al., 1999). We first model the velocities from 

Site NGHP–01–03 which represents the baseline clay dominated sediment in KG offshore basin, and 

later model the velocities from Site NGHP–01–07 which represents gas hydrate bearing sediments. We 

deliberately choose Site NGHP–01–07 as it shows low fracture density and the gas hydrate may be 

represented by either pore–filling or load–bearing form of gas hydrate and not fracture–filled gas 

hydrate. The EMM is modified by incorporating inter–particle contact friction parameters (Duffaut et 

al., 2010; Bachrach and Avseth, 2008) and grain contact model (Hossain et al., 2011) so that the 

background velocities can be accurately estimated, and the gas hydrate saturations estimated from the 

sonic log are similar to those estimated from the resistivity log and core derived chloride profile.  

2. Development in effective medium model (EMM) technique 

 The effective medium model (EMM) is based on the first principle physics (Dvorkin et al., 1999) 

where the effective elastic properties of the identical sphere packs are estimated using the Hertz–Mindlin 

contact theory (Mindlin, 1949). EMM is used to approximate the behavior of the granular media with 

many contacts using the average of two–grain contacts. Such contact theory accurately approximates the 

bulk modulus of sediment matrix, but fails to model the shear modulus (Bachrach and Avseth, 2008; 
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Duffaut et al., 2010). Several experimental studies have reported significant difference between the 

shear modulus estimated from Hertz–Mindlin contact theory and the laboratory measured shear modulus 

(Winkler, 1983; Goddard, 1990; Zimmer et al., 2007). The numerical granular dynamics model (Makse 

et al., 1999) suggests that the Hertz–Mindlin contact theory fails to predict the shear modulus because 

the grains tend to relax from the macroscopic deformation or rotate leading to the breakdown of uniform 

strain assumption. Accurate shear wave estimation is important for several geophysical studies such as 

reservoir modeling using amplitude variation with offset, vertical seismic profiling (VSP), and 

identification of the fluid type, lithology and other mechanical properties. Error in estimation of the S–

wave velocity may lead to an error in Poisson’s ratio, impedance, SP VV  ratio and fluid factor.  

The problem of incorrect S–wave velocity was addressed initially by Bachrach and Avseth 

(2008) by considering non–uniform contact and heterogeneous stress fields in effective medium. A 

binary scheme was introduced where the grain contact can be either smooth with zero tangential 

stiffness or no–slip with tangential stiffness estimated from Hertz–Mindlin contact theory. The effective 

elastic modulus is then estimated from the combination of smooth and no–slip contacts using a 

parameter tf  which represents the fraction of no–slip contact. Such binary model for grain contact gives 

more reliable estimate of shear modulus (Bachrach and Avseth, 2008). Duffaut et al. (2010) extended 

the EMM by introducing partial slip with nonzero contact friction and a free parameter, Mindlin friction 

term ( )μf , which represents the ratio between the radii of the non–slip contact area and of the full 

contact area. In this frictional dependent model, the effective shear modulus of the identical sphere pack 

is derived by combining the tangential contact stiffness estimated from Mindlin’s theory (Mindlin, 1949) 

with the effective modulus expression derived by Digby (1981). The free parameters, Mindlin’s friction 

term (Duffaut et al., 2010) and the fraction of no–slip contact (Bachrach and Avseth, 2008), of the 

modified effective medium theories are estimated from the laboratory studies of dry bulk and shear 

moduli of core samples. The friction parameter ( )μf  can also be estimated from the dry bulk and shear 

moduli (Duffaut et al., 2010; equation B1) calculated from sonic log using Gassmann’s equation 

(Gassmann, 1951). These models show similar estimates of bulk and shear moduli and match well with 

the stress–velocity data of glass beds and loose sand (Zimmer, 2003; Zimmer et al., 2007).  
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3. Log Data and Methodology 

Several well logs were acquired in the clay dominated marine sediments in Krishna–Godavari 

basin for gas hydrate exploration (Collett et al., 2008). In this study, we have considered the Site 

NGHP–01–03 located in KG Basin (15°53.891’ N, 81° 53.9678’ E) at water depth of ~1076 m (Fig.1). 

At this site, negligible gas hydrate saturation has been reported from the analysis of resistivity logs as 

well as from the pressure core data (Collett et al., 2008); therefore, the site represents the properties of 

fluid–saturated marine sediments in KG offshore basin. The logging while drilling (LWD) data was 

recorded to a depth of 300 mbsf (meters below seafloor) and the BSR depth is at 209 mbsf. The quality 

of log data was evaluated from the caliper logs, and the zones of washouts are excluded from the data. 

The caliper data at site NGHP–01–03 shows occasional washouts, and overall the data quality is good. 

The porosity is derived from density log data measured with EcoScope tool and is in good agreement 

with the porosities estimated from core using moisture and density (MAD) analysis. We applied various 

modifications of EMM theory for estimating the P– and S–wave velocities at Site NGHP–01–03 and 

compared it with the observed velocities. Such comparisons help in understanding the grain–fluid 

interactions particularly in clay dominated environment. We also considered Site NGHP–01–07 (Fig. 1), 

which represents the pore–filling/load–bearing hydrate deposits in KG offshore basin, for studying the 

modified EMM theories for gas hydrate bearing sediment. Site NGHP–01–07 is located in northern part 

of the KG Basin (16° 31.2785’ N, 082° 40.8572’ E) at a water depth of 1285 m and the BSR depth is 

about 188 mbsf. The LWD data is recorded up to a target depth of 260 mbsf and some pressure cores 

were obtained for direct quantification of gas hydrate (Collett et al., 2008). The quality of P– and S–

wave velocities as well as the resistivity log data is evaluated based on the caliper log data and in 

general, the quality of the data is good for estimating the gas hydrate saturation. The hydrate saturations 

estimated from P– and S–wave data are compared with those estimated from resistivity log and residual 

chloride concentration. 

The general methodology for estimating the elastic velocities from porosity using modified 

EMM (Appendix A; after Dvorkin et al., 1999) is as follows: the effective bulk ( K ) and shear (G ) 

moduli of different mineral constituents are estimated using Hill’s average equation (Hill, 1952), the 

critical porosity is obtained from the crossplot of porosity and velocity data (Dvorkin et al., 1999), the 

dry bulk ( HMK ) and shear ( HMG ) moduli at critical porosity are estimated using the Hertz–Mindlin 
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contact theory with varying Mindlin’s friction parameter ( )μf  as discussed by Duffaut et al (2010) 

[Appendix B]. The dry elastic moduli of the shallow marine sediment at porosity larger than critical 

porosity, DryK and DryG  are estimated using upper Hashin–Shtrikman bounds (1963). Likewise, the 

moduli are estimated using lower Hashin–Shtrikman bounds for porosities smaller than the critical 

porosity. The fluid saturated bulk modulus ( SatK ) is estimated from Gassmann (1951) equations (A5). 

The P– and S–wave velocities are estimated using equation (A6).  

In the present study, we also model the P– and S–wave velocities of gas hydrate bearing sediment 

assuming the load–bearing form of gas hydrate. We ignore the pore–filling form of gas hydrate as it 

affects only P–wave velocity and S–wave velocity is unchanged; however, at Site NGHP–01–07 both P– 

and S–wave velocities increase with hydrate saturation. We adopted the method of Helgerud et al. 

(1999) where gas hydrate is considered to be a part of sediment matrix and the effective bulk and shear 

moduli are estimated using Hill (1952) equation by replacing the volume fraction if  with if  (equation 

A7) which represents the new volume fraction due to the presence of gas hydrate. This effective bulk 

and shear moduli of the sediment matrix are used for the calculation of dry bulk and shear moduli which 

in turn are used to estimate the fluid saturated moduli. The P– and S–wave velocities are calculated for 

varying gas hydrate concentration using equation (A6).   

4. Results and Discussion 

The bulk and shear moduli of fluid saturated, clay dominated, unconsolidated marine sediments 

are estimated assuming different friction parameters in the EMM, and are compared with the observed 

moduli at Site NGHP–01–03. The same method is also used to estimates the moduli of gas hydrate 

bearing sediments at site NGHP–01–07 by varying friction parameter and also accounting for multiple 

grain contacts in EMM (Hossain et al., 2011). The calibration process provides the crucial information 

about the interaction between the sediment grains with or without the presence of gas hydrate.     

4.1 Modified EMM for fluid–saturated marine sediments at Site NGHP–01–03 

 The effective bulk and shear moduli of the solid frame are estimated using Hill’s average 

assuming ~95% clay and ~5% quartz as reported from smear slide data (Collett et al., 2008), and the 

elastic properties of individual mineral constituents are shown in Table–1 (Helgerud et al., 1999). The 

sediment porosities (52 – 60 %) estimated from density log show good agreement with those estimated 
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from core samples. At site NGHP–01–03, the critical porosity estimated from velocity–porosity 

crossplot is ~55 %. The coordination number, defined as an average number of contacts between 

individual grains, is estimated to be 5 based on the range of porosities (equation A3). The dry bulk and 

shear moduli at critical porosity are estimated for Walton’s smooth model [ ( ) 0=μf ] and for Hertz–

Mindlin’s no–slip model [ ( ) 1=μf ]. The effective dry bulk and shear moduli are estimated using 

Hashin–Shtrikman upper and lower bounds (1963) (equation A4). The effective bulk modulus of fluid is 

calculated using the equation of Batzle and Wang (1992) assuming a fluid density of 1.038 g/cm3, 

temperature is estimated from the measured geothermal gradient, pressure is assumed to be hydrostatic 

pressure, and the salinity is assumed to be 35x10-6 ppm. The fluid saturated bulk modulus is estimated 

using Gassmann’s equation (A5) while the fluid saturated shear modulus is same as the effective dry 

shear modulus.  

 The estimated and observed fluid saturated bulk and shear moduli are shown in Figure 2a and 2b, 

respectively. The corresponding P– and S–wave velocities are shown in Figure 2c and 2d, respectively. 

In general, the bulk modulus estimated from the EMM matches well with the observed bulk modulus. 

The bulk modulus is independent of friction as it depends only on normal force ( nF ), and the friction 

between the grains affects only the tangential force ( tF ). Interestingly, the shear modulus is accurately 

estimated for Walton’s smooth model [ ( ) 0=μf ], but it is overestimated by a factor of 2.5 for Hertz–

Mindlin’s no–slip model [ ( ) 1=μf ]. The modeled P– and S–wave velocities show adequate match with 

the observed velocities for ( ) 0=μf , but velocities are overestimated especially the S–wave velocity by 

a factor of 1.5 for ( ) 1=μf  (Fig. 2d). Minor changes in P-wave velocity are observed for these end 

member frictional models as the estimated bulk modulus is significantly larger than the shear modulus. 

The present study shows that the Walton’s smooth model (Walton, 1987) is more appropriate for 

estimating both the P– and S–wave velocities in a clay–dominated marine sediments. The comparison 

between the laboratory measured velocities on the synthetic granular samples and that estimated from 

EMM model also suggest that the Hertz–Mindlin’s no–slip model vastly over predicts the shear modulus 

while the Walton’s smooth model presents a better comparison (Zimmer et al., 2007). The analysis of 

log data from a shallow gas reservoir offshore Norway (Bachrach and Avseth, 2008) also shows the 

overestimate of shear modulus by a factor of 3 for 1=tf . They show that bulk and shear moduli are 
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accurately estimated for a lower friction value of 07.0=tf . Thus, the classical Hertz–Mindlin (Mindlin, 

1949) contact theory fails in predicting the shear modulus of shallow marine sediments when the friction 

between the grains is negligible.  

4.2 Modified EMM for gas hydrate bearing sediments at Site NGHP–01–07 

 The presence gas hydrate in the marine sediments increases the P– and S–wave velocities. A 

rock physics model is required to estimate the variations of velocities with gas hydrate saturation. The 

EMM with smooth contact can reliably predict the velocities of background fluid saturated sediments at 

site NGHP–01–03.  In this section, we extend the model to predict the velocities of gas hydrate bearing 

sediments at site NGHP–01–07 (Appendix B) following Helgerud et al. (1999) assuming that the 

hydrate can be modeled as load–bearing (hydrate as part of sediment matrix). We ignore the presence of 

hydrate within the pore space as it affects only the bulk modulus while the shear modulus remains 

unchanged and at this Site both P– and S–wave velocities increase with hydrate saturation. Several 

studies on gas hydrate formation worldwide also favors load–bearing hydrate (Lee and Waite, 2008; Lee 

and Collett, 2011; Wang et al., 2011). The interaction between the sediment grain and gas hydrate are 

studied by comparing the gas hydrate saturations estimated from sonic logs with that estimated from 

resistivity log and chloride anomaly.  

 The effective bulk and shear moduli of the solid frame are estimated assuming 80 % clay and 20 

% quartz (Collett et al., 2008) using the elastic properties of individual mineral constituents as shown in 

Table–1. The P– and S–wave velocities estimated from EMM with Walton’s smooth model assuming 

load–bearing gas hydrate (Helgerud et al., 1999) are shown in Figure 3 for different hydrate saturations 

(10, 20 and 30 %) assuming two different friction parameters ( ) 0=μf  and ( ) 165.0=μf . Figure 3a 

shows the observed and modeled P–wave velocity for different gas hydrate saturations and the 

maximum gas hydrate saturation is 20 % just above the BSR; minor changes in gas hydrate saturation is 

observed for the two frictional models. Figure 3b shows the observed and modeled S–wave velocity for 

different gas hydrate saturations with the maximum gas hydrate saturation ~30 % for ( ) 0=μf  and ~20 

% for ( ) 165.0=μf . The gas hydrate saturation as estimated by shear velocities is overestimated for 

zero-friction. Assuming a small friction between the grain contacts ( ( ) 165.0=μf ), the hydrate 

saturation estimated from shear velocities matches with that estimated from P– wave velocity at site 
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NGHP–01–07. The friction parameter is obtained by varying ( )μf  from zero to unity and comparing 

the gas hydrate saturation estimated from both P– and S–wave velocities. The gas hydrate saturations are 

also estimated from resistivity data (Collett et al., 2008) and chloride anomaly using equation 

( )
( )ccbc

ccb
h CCC

CCS
−+

−
≈

β
β

 (Malinverno et al., 2008), where hS  is the amount of gas hydrate in pore 

space; cbC is the in situ baseline pore water chlorinity;  cC  represents the chlorinity measured in the core 

samples after gas hydrate dissociation; β is the dimensionless coefficient to account for the density 

change between gas hydrate to water and it is assumed to be equal to 1.257. The comparison of gas 

hydrate saturation from the sonic logs and resistivity log is shown within the gas hydrate stability zone 

(Figure 4). Ignoring the friction in EMM leads to under estimation of shear wave velocity for the gas 

hydrate bearing sediments; accounting for limited friction between the sediment grain and hydrate 

( ( ) 165.0=μf ) predicts similar gas hydrate saturations from both P– and S–wave velocities and match 

well with those estimated from resistivity log and chloride anomalies. The difference in estimated and 

observed gas hydrate saturation from sonic and resistivity logs between 145 and 152 mbsf may be 

attributed to the high concentration of gas hydrate in fractures as observed in resistivity images (Collett 

et al., 2008). 

The present study shows that the friction between the grain contacts cannot be ignored for gas 

hydrate bearing sediment. In general, formation of gas hydrate in sediments strengthens the host 

sediment and increases the cohesion which may lead to non–zero friction (Kleinberg and Dai, 2005). 

The cohesion of the sediment matrix with hydrate is strongly dependent on the type of gas hydrate 

morphology. For example, gas hydrate within the pore space may behave frictionless, and the contacts 

between the grains may be modeled with Walton’s smooth model. The resultant S–wave velocity is 

almost constant and equals to that of the background fluid saturated sediments. However, load–bearing 

gas hydrate sediments may increase the cohesion between grain contacts, and therefore, cannot be 

modeled with Walton’s smooth model. When the gas hydrate coats the sediment (cementation model), 

the cohesion increases rapidly even for low gas hydrate saturation leading to significantly high S–wave 

velocity (Kleinberg and Dai, 2005). The modified EMM model can reproduce this behavior by 

incorporating frictional forces between the sediment grain and gas hydrate. Guerin and Goldberg (2005) 

assumed that frictional force between sediment and gas hydrate are linear functions of the velocity 

differential between them, similar to viscous forces in fluid. Using these viscous frictional forces, they 
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accurately estimated the P– and S–wave velocities in the Mallik 5L–38 well. In the present study, we 

observe similar phenomena suggesting that the smooth models (with zero friction) leads to lower S–

wave velocity and may have important consequences for AVO interpretation. However, the friction due 

to the presence of gas hydrate marginally affects the P–wave velocity, and therefore can be used 

effectively to calculate the gas hydrate saturations.  

The EMM model was originally developed for the contact between the same grains. In the case 

of mixed mineralogy, homogeneous mineral moduli are usually derived using Hill’s average (Hill, 1952) 

and these moduli are used for the calculation of effective dry bulk and shear moduli. However, if the 

elastic moduli of the mixed minerals are significantly different such an assumption breaks down (Avseth 

et al., 2005), and the contact model for the multiple type of grains needs to be developed. One such 

model is developed for a mixture of quartz and glauconite grains and is tested on laboratory as well as 

field data (Hossain et al., 2011). The detail of such a model is discussed in Appendix C. In the present 

study, we extended the EMM model for a mixture of three grains: quartz, clay and hydrate in the 

following section. 

4.3 Modified EMM for the mixed grains: quartz, clay and gas hydrate  

 The two grain contact model for quartz and glauconite sediment grains has been developed in the 

North Sea in order to account for significantly different elastic moduli of the grains (Hossain et al., 

2011). In such a model, the mineral’s effective Young’s modulus of quartz and glauconite contact is 

calculated from the elastic properties of the individual minerals following Johnson (1985) as, 
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where qG and gG  are the shear modulus of quartz and glauconite, respectively; qν , gν are the Poisson’s 

ratio of quartz and glauconite, respectively (Appendix C). For unequal mixture of quartz and glauconite, 

the effective modulus is estimated using weighted average for different grain contacts: quartz–quartz 

(QQ), quartz–glauconite (QG) and glauconite–glauconite (GG). The weights are assumed to be 

proportional to their volume fraction, and the sum of weights is assumed to be equal to unity. This 

effective Young’s modulus is used for the calculation of effective dry bulk and shear moduli at critical 
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porosity assuming Hertz–Mindlin contact theory. The remaining procedure for calculating the P– and S–

wave velocities remains similar to the classic effective medium model (Dvorkin et al., 1999). 

We extend the grain contact method (Hossain et al., 2011) for gas hydrate bearing sediment 

because the significantly different elastic moduli of gas hydrate and clay/quartz may lead to the 

breakdown of Hill’s averaging equation (Hill, 1952). When gas hydrate acts as load–bearing (Helgerud 

et al., 1999), gas hydrate needs to be treated as a part of sediment matrix and the effective Young’s 

modulus needs to be estimated for three–grain contact (clay + quartz + gas hydrate). The possible 

contact combinations among the grains are quartz–quartz (QQ), clay–clay (CC), clay–quartz (QC), 

quartz–hydrate (QH), clay–hydrate (CH), and hydrate–hydrate (HH) assuming that the contacts are 

independent of each other. The effective Young’s modulus for different contact combinations can be 

estimated following Johnson (1985) as, 
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where qG , cG  and hG  are the shear modulus of quartz, clay and gas hydrate, respectively; 

qν , cν and hν are the Poisson’s ratio of quartz, clay and hydrate, respectively. If the grains are same, the 

effective Young’s modulus can be estimated using equation (3),  
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where )(QQEffE , )(CCEffE and )(HHEffE are the effective Young’s modulus of quartz–quartz, clay–clay and 

hydrate–hydrate contact, respectively. The effective Young’s modulus of the mixed grains can be 
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estimated by considering weighted average of all possible grain contacts assuming that the weights are 

proportional to the corresponding volume fractions (Hossain et al., 2011), 
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where  )3(EffE is the effective Young’s modulus of the quartz, clay and hydrate;  qf , cf and hf  are the 

effective volume fractions of quartz, clay, and hydrate due to the presence of load–bearing hydrate 

(Helgerud et al., 1999). The presence of hydrate reduces the original porosity φ  to hC−= φφ , where Ch 

is the volumetric concentration of gas hydrate in sediments. The effective volume fraction qf  and cf are 

related to the original fraction ( if ) as, 

( ) ( )

( ) ( ),11

,11

φφ

φφ

−−=

−−=

ic

iq

ff

ff

                           (6) 

and 

( ) ( ).1 φ−= hh Cf  

The effective dry bulk )( HMK  and shear )( HMG  moduli at critical porosity )( cφ  can be estimated from 

equation (B1) with arbitrary frictional parameter ( )μf . The P– and S–wave velocities are then estimated 

following the classical EMM (Dvorkin et al., 1999; Appendix A).  

 The estimated baseline P– and S–wave velocities at Site NGHP–01–03 using modified EMM 

with mixed grain–contact is similar to that estimated from EMM (Fig. 3a) suggesting that the difference 

between the elastic moduli of mineral components (quartz and clay) is not great enough to produce 
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noticeable change in the velocities. The modeled P– and S–wave velocities at site NGHP–01–07 for 

different gas hydrate saturations (10, 20 and 30 %) after accounting for the same friction parameter 

( ( ) 165.0=μf ) and the mixed grain contact (Hossain et al., 2011) are shown in Figure 5a and 5b, 

respectively. Accounting for mixed grain contact in EMM does not lead to significant changes in the P-

wave velocity. However, shear velocities seem to be overestimated and the differences seem to be 

increasing with hydrate saturations. The maximum gas hydrate saturation is estimated to be around 10 % 

assuming the same friction parameter but with mixed grain contact. Thus, the gas hydrate saturations 

estimated from S–wave velocities are underestimated by 50 % as compared to those estimated from P–

wave velocity as well as from the resistivity and chloride data. Further, we attempt to model the P– and 

S–wave velocities for different gas hydrate saturations (10, 20 and 30%) assuming zero friction in the 

modified EMM and the results are shown in Figure 6. The hydrate saturations estimated from P– and S–

wave velocities along with those estimated from the resistivity and chloride data are shown in Figure 7. 

Interestingly, the gas hydrate saturations estimated from both the P–wave and S–wave velocities are 

comparable with the maximum gas hydrate saturation of ~20 % just above the BSR. The estimated 

saturations are in good agreement with those estimated from the resistivity log and chloride anomaly 

(Fig. 7). Therefore, the modified grain–contact EMM does not require any arbitrary friction parameter to 

match the gas hydrate saturations estimated from shear wave velocity. In other words, if the mixed grain 

contact is not accounted in the EMM it leads to non-zero friction parameter for gas hydrate bearing 

sediments.  

5. Conclusion  

Log data acquired during NGHP Expedition–01 are used to study the first principle rock physics model 

including the effective medium model for clay–dominated, unconsolidated marine sediments as well as 

gas hydrate bearing sediments in KG basin. The background fluid–saturated P– and S–wave velocities 

are studied at Site NGHP–01–03, where negligible gas hydrate amount is observed. The modeled P– and 

S–wave velocities match the observed velocities for ( ) 0=μf  (Walton’s smooth model); however, the 

S–wave velocity is overestimated by factor of 1.5 for ( ) 1=μf  (Hertz–Mindlin contact model) due to 

inaccuracy in estimating the effective tangential stiffness. Using Walton’s smooth model in EMM, the 

gas hydrate saturations are estimated from P– and S–wave velocities at Site NGHP–01–07, which 

represents load–bearing gas hydrate deposits. The gas hydrate saturations estimated from P–wave 
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velocity match well with those estimated from resistivity and chloride anomaly; however, the gas 

hydrate saturations estimated from S–wave velocity are overestimated indicating underestimation of 

shear modulus. This mismatch is corrected by incorporating arbitrary friction parameter in the EMM 

which largely affect the saturations estimated only from S–wave velocity. The EMM is again modified 

to account for mixed grain contact as the elastic moduli of gas hydrate are significantly different from 

that of the background clay/quartz minerals. The model is tested at Site NGHP–01–07 assuming the 

same friction parameter. The gas hydrate saturations estimated from P–wave do not vary significantly; 

however, the saturations estimated from shear velocity are underestimated by ~50% as compared to 

other estimates. Interestingly, the hydrate saturations estimated assuming zero friction (Walton’s smooth 

contact) are comparable to those estimated from resistivity and chloride data. Thus the modified EMM 

with zero friction and mixed grain contact is able to predict the velocities of fluid–saturated sediments at 

site NGHP–01–03 as well as gas hydrate bearing sediments at Site NGHP–01–07.     
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Appendix A: Effective medium model (Dvorkin et al., 1999; Helgerud et al., 1999) 

The effective bulk )(K  and shear )(G  modulus of the solid phase at zero porosity is estimated 

from individual mineral constituents using the Hill’s average (Hill, 1952). 
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where iK and iG are the bulk and shear modulus of individual mineral constituent; if  is the volume 

fraction of individual mineral constituents. The effective dry bulk )( HMK  and shear )( HMG  moduli at 

critical porosity )( cφ  can be estimated as,  
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where P is the effective pressure defined as the difference between the lithostatic and hydrostatic 

pressure, and can be represented as ( )gDP wb ρρ −= ; bρ and wρ  are sediment and water density, 

respectively; g is the acceleration due to gravity; D is the depth below seafloor; K, G are the effective 

bulk and shear modulus of the solid phase, respectively; dryν is the effective Poisson’s ratio of the dry 

medium; n is the coordination number (average number of grain contacts per grain) which can be 

represented as a function of porosity )(φ  (Zimmer, 2003),  

.373.024 )547.2( −= − φen           (A3) 

The effective dry bulk and shear modulus at other porosity is estimated based on the Hashin–Shtrikman 

(1963) bounds,  
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The bulk modulus ( satK ) of fluid saturated sediment is estimated using the Gassmann's equation 

(Gassmann, 1951),   
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The P– and S–wave velocities are calculated as, 
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The presence of gas hydrate in the pore space affects only bulk modulus; the shear modulus 

remains unchanged. If hydrate acts as load–bearing, it acts as a part of sediment matrix and alters both 



17 

 

bulk and shear moduli (Helgerud et al., 1999). The effective bulk and shear modulus is obtained using 

Hill’s average, 
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where if  is the new volume fraction of the sediment matrix due to the presence of gas hydrate and is 

given by ( ) ( )φφ −−= 11ii ff ;  φ is the reduced porosity defined as hC−= φφ , where hC  is the 

volumetric concentration of gas hydrate. The volume fraction of gas hydrate is defined 

by ( )φ−= 1hh Cf . The effective dry bulk and shear moduli at critical porosity is given by equation 

(A2), and the effective dry bulk and shear modulus at any other porosity is given by equation (A4). The 

fluid saturated bulk and shear moduli are given by equation (A5) and the velocities by equation (A6).  
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Appendix B: Friction dependent EMM (Duffaut et al., 2010) 

In classic EMM model (Dvorkin et al., 1999), the effective dry bulk and shear moduli at critical 

porosity are estimated using Hertz–Mindlin contact theory (Mindlin, 1949). Such contact theory 

assumes no–slip across the grain contact. Duffaut et al. (2010) extended the EMM by introducing partial 

slip with non–zero contact friction given by a free parameter Mindlin friction term ( )μf  which 

represents the ratio between the radius of no–slip grain contact and the grain. In the frictional dependent 

model, the effective dry shear modulus of the identical sphere pack is derived by combining the 

tangential contact stiffness estimated from extended Mindlin’s theory (Mindlin, 1949) with the effective 

modulus derived by Digby (1981) and can be represented as,  
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Appendix C: Mixed grain–contact EMM (Hossain et al., 2011) 

In classical EMM (Dvorkin et al., 1999), the effective moduli of mixed grains are calculated from the 

homogeneous mineral moduli derived from Hill’s average (Hill, 1952) and these moduli are used for the 

calculation of effective dry bulk and shear moduli. In order to account for mixed grains, Hossain et al. 

(2011) developed a modified EMM and tested it for a mixture of quartz and glauconite grains on 

laboratory as well as field data. In this model, the mineral’s effective Young’s modulus of quartz and 

glauconite contact is calculated from the elastic properties of the individual minerals following Johnson 

(1985) as,  
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where qG and gG  are the shear modulus of quartz and glauconite, respectively; qν , gν are the Poisson’s 

ratio of quartz and glauconite, respectively. If the material of the two grain are similar, equation (C1) 

reduces to,  
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where )(QQEffE and )(CCEffE are the effective Young’s modulus of quartz–quartz contact and glauconite–

glauconite contact, respectively. For unequal mixture of quartz and glauconite, the effective modulus is 

estimated using weighted average for different grain contacts: quartz–quartz (QQ), quartz–glauconite 

(QG) and glauconite–glauconite (GG). The weights are assumed to be proportional to their volume 

fraction, and the sum of weights is assumed to be equal to unity,
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The effective dry bulk and shear moduli for two–grain contact is given by Hertz–Mindlin contact theory 

(Mindlin, 1949);  
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where  effν is the effective Poisson’s ratio of the grain mixture. 
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Table Caption 

Table 1.  Physical properties of clay, quartz, gas hydrate and water used for modeling the P– and S– 
wave velocities of gas hydrate bearing sediments (Helgerud et al., 1999). 

Figures Caption 

Figure.1. Location map of the study area in the Krishna—Godavari (KG) offshore basin. The zoom out 
of the study area with bathymetry data (Source: http://www.ngdc.noaa.gov/). The Sites NGHP–01–03 
and NGHP–01–07, drilled by the JOIDES Resolution, are highlighted on the map.  

Figure.2. Modeled versus well–log observations from Site NGHP–01–03: (a) bulk modulus from log 
data (black), modeled fluid saturated bulk modulus (GPa) for ( ) 0=μf  and ( ) 1=μf , (b) shear modulus 
from log data (black), modeled fluid saturated shear modulus (GPa) for ( ) 0=μf  and ( ) 1=μf , (c) P–
wave velocity from log data (black), modeled P–wave velocity for ( ) 0=μf  and ( ) 1=μf , (d) S–wave 
velocity from log data (black), modeled S–wave velocity for ( ) 0=μf  and ( ) 1=μf . 

Figure.3. Modeled versus well–log observations from Site NGHP–01–07: (a) observed and modeled P–
wave velocity for varying gas hydrate saturations (0, 10, 20 and 30%) for ( ) 0=μf  and ( ) 165.0=μf , 
(b) observed and modeled S–wave velocity for varying gas hydrate saturations (0, 10, 20 and 30%) for 
( ) 0=μf  and ( ) 165.0=μf . The gray box represents the region from 188 to 260 mbsf which is below 

the BSR and possibly has the presence of free gas. 

Figure.4. Comparison among the gas hydrate saturations estimated from P– and S–wave velocities from 
EMM with friction parameter, resistivity and chloride anomaly: (a) gas hydrate saturation estimated 
from P–wave velocity for ( ) 165.0=μf  and from resistivity and chloride anomaly, (b) gas hydrate 
saturation estimated from S–wave velocity for ( ) 165.0=μf  and from resistivity and chloride anomaly. 

Figure.5.  Modeled versus observed P– and S–wave velocities at Site NGHP–01–07: (a) observed and 
modeled P–wave velocity for varying gas hydrate saturations (0, 10, 20 and 30%) using three grain 
contact EMM model with friction ( ( ) 165.0=μf ), (b) observed and modeled S–wave velocity for 
varying gas hydrate saturations (0, 10, 20 and 30%) using three grain contact EMM model with friction 
( ( ) 165.0=μf ).  

Figure.6.  Modeled versus observed P– and S–wave velocities at Site NGHP–01–07: (a) observed and 
modeled P–wave velocity for varying gas hydrate saturations (0, 10, 20 and 30%) using three grain 
contact EMM model without friction, (b) observed and modeled P–wave velocity for varying gas 
hydrate saturations (0, 10, 20 and 30%) using three grain contact EMM model without friction.  

Figure.7. Comparison among the gas hydrate saturations estimated from P– and S–wave velocities from 
EMM assuming zero friction and mixed grain contact, resistivity and chloride anomaly. 
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Figure 4 



26 

 

 

Figure 5 
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Figure 7 

 

 

Mineral Constituent  Bulk Modulus ‘K’ (GPa)  Shear Modulus ‘G’ 
(GPa) 

Density ‘ρ’ 

(g/cm3) 

Clay  20.9  6.85  2.58 

Quartz  36.6  45  2.65 

Gas Hydrate  7.9  3.3  0.90 

Water  2.4.‐2.6  0  1.032 
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