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Abstract

Elastic velocities and hydraulic permeability of gas 
hydrate-bearing sediments strongly depend on how gas 
hydrate accumulates in pore spaces and various gas hydrate 
accumulation models are proposed to predict physical property 
changes due to gas hydrate concentrations. Elastic velocities 
and permeability predicted from a cementation model differ 
noticeably from those from a pore-filling model. A nuclear 
magnetic resonance (NMR) log provides in-situ water-filled 
porosity and hydraulic permeability of gas hydrate-bearing 
sediments. To test the two competing models, the NMR log 
along with conventional logs such as velocity and resistivity 
logs acquired at the Mallik 5L-38 well, Mackenzie Delta, 
Canada, were analyzed. When the clay content is less than 
about 12 percent, the NMR porosity is “accurate” and the gas 
hydrate concentrations from the NMR log are comparable to 
those estimated from an electrical resistivity log. The variation 
of elastic velocities and relative permeability with respect 
to the gas hydrate concentration indicates that the dominant 
effect of gas hydrate in the pore space is the pore-filling 
characteristic. 

Introduction

Gas hydrate affects the physical properties of sediments 
by increasing elastic velocities and electrical resistivity and by 
decreasing hydraulic permeability. In order to estimate in-situ 
gas hydrate concentration in sediments, predictive models for 
the changes of physical properties due to gas hydrate should 
be known, and these changes depend on the nature of pore-
scale interactions between gas hydrates and porous media. 

Two competing theories/models have been proposed 
for elastic velocities―a cementation model and a pore-
filling model. The mathematical description of velocities for 
a pore-filling model in this report is identical to that for a 
load-bearing model (Kleinberg and others, 2005), whereby 
the gas hydrate becomes a component of the solid phase and 
the term “pore-filling” is used to emphasize that gas hydrate 
does not cement grains nor is it floating (Helgerud and others, 
1999) in the pore space. Dvorkin and Nur (1993) proposed 

a cementation model, wherein gas hydrate cements or coats 
the grains and significantly affects the elastic velocities of 
gas hydrate-bearing sediments (GHBS). For example, this 
model predicts dramatic increases of the compressional 
wave (P-wave) and shear wave (S-wave) velocities even 
with a small amount of gas hydrate because intergranular 
gas hydrate cementation significantly increases the elastic 
moduli of the dry-rock frame. Ecker and others (1998) 
applied the cementation theory to the amplitude-versus-offset 
(AVO) analysis of a bottom-simulating reflection observed 
at the Blake Outer Ridge and concluded that the observed 
AVO does not agree with that predicted by the cementation 
model. However, Guerin and others (1999) estimated the 
amount of gas hydrate from the bulk modulus of GHBS at 
the Ocean Drilling Program (ODP) well 995, Blake Outer 
Ridge, assuming that gas hydrate uniformly coats the grain 
and showed that estimates are comparable to those from the 
electrical resistivity log.

Several different pore-filling models have been sug-
gested. Hyndman and Spencer (1992) used a velocity model 
that predicts the velocity of GHBS by assuming the porosity 
reduction caused by infilling with gas hydrates has the same 
effect on velocity as the normal porosity reduction with depth 
due to compaction. Lee (2002) proposed a modified Biot-
Gassmann theory by deriving the Biot coefficient appropriate 
for unconsolidated sediments and by treating the gas hydrate 
as part of the dry-rock frame, which reduces the porosity of 
sediments. Helgerud and others (1999) and Jakobsen and 
others (2000) proposed velocity models based on the effective 
medium theory. Lee (2007) developed a three-phase Biot-type 
equation (TPBE) on the basis of percolation theory by Leclaire 
and others (1994) by treating gas hydrate as a separate phase. 
A significant difference between these pore-filling models 
and the cementation model is that the velocity increase with 
respect to gas hydrate concentration is monotonic for the pore-
filling model, but rapid for the cementation model. Because 
of rapid increases in both P- and S-wave velocities by the 
cementation theory, this theory predicts that the V

p
/V

s
 ratio 

of GHBS is less than 2 at small gas hydrate concentrations 
in unconsolidated sediments, which point to a consolidated 
nature of GHBS, whereas the pore-filling model predicts an 
unconsolidated nature of GHBS.
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Measuring the permeability of GHBS is difficult partly 
because of the ephemeral nature of gas hydrate. Winters and 
others (1999) measured an anomalously high permeability 
of GHBS collected at the Mallik 2L-38 well, Canada. This 
was attributed either to the presence of natural/test-induced 
fractures, or to the difficulty of performing permeability 
tests on specimens that contain different phase mixtures 
without affecting the sample itself. Kleinberg, Flaum, Griffin, 
and others (2003) measured the permeability of the Berea 
Sandstone with various gas hydrate concentrations using 
nuclear magnetic resonance (NMR) data interpretation with 
the Kenyon relation (Kenyon, 1992). 

The NMR tool has the ability to measure water-filled 
porosity and permeability in sediments (Singer and others, 
1997), thus can be used to investigate how gas hydrate 
accumulates in pore spaces. Akihisa and others (2002) applied 
the NMR total porosity data to estimate in-situ gas hydrate 
concentration at the Nankai-trough well, offshore southeast 
Japan. Kleinberg, Flaum, Griffin, and others (2003) and 
Kleinberg, Flaum, Straley, and others (2003) used the NMR 
measurements to quantify pore-size control of hydrate-bearing 
formations; their study indicated that when substantial hydrate 
saturations were achieved, hydrate tended to accumulate in 
the largest pore spaces. In the present study, permeability 
data acquired from the NMR log and other geophysical logs 
at the Mallik 5L-38 well, Canada, are analyzed to investigate 
the relation between natural gas hydrates and a sediment’s 
pore spaces by inferring their bulk properties such as elastic 
velocities and permeability. For elastic velocities, a pore-filling 
model using the simplified three-phase Biot-type equation 
(STPBE) and a cementation theory by Dvorkin and Nur (1993) 
are used. A brief description of the theoretical permeability 
model of GHBS proposed by Kleinberg, Flaum, Griffin, and 
others (2003) is briefly described in appendix A, velocities of 
the cementation theory by Dvorkin and Nur (1993) are shown 
in appendix B, and the STPBE is shown in appendix C. 

Principles of Nuclear Magnetic 
Resonance 

An NMR measurement is made by first aligning magnetic 
nuclei along a magnetic field M

0
 generated by a strong mag-

net, resulting in a nuclear magnetization M proportional to the 
number of nuclei in the affected volume of a sample. Because 
of this realignment of magnetization, a new free-induction-
decay signal, called the spin echo, will occur at time t (Hearst, 
and others, 2000).

For most liquids, the transverse magnetization decay is 
exponential, so the amplitude (M) of nth spin echo at time t = 
nT

e
, where T

e
 is the echo spacing, is:

M t M
t

T
M

A

V T
t

pore

B

( ) exp( exp {( ( ) }
2

0 2

2

1
 	 (1)

where,

T
2B 

is the relaxation time of water in bulk, 
2
 is the con-

stant of proportionality between the pore-surface-to-volume 
ratio (A/V)

pore
 and the NMR relaxation time, and T

2
 is the bulk 

transverse relaxation time (Kleinberg, Flaum, Straley, and oth-
ers, 2003).

The spin echo signal from water in large pores decays 
more slowly than the signal from water in small pores because 
the relaxation time T

2
 of water in a pore is inversely propor-

tional to the surface-to-volume ratio of the pore, (A/V)
pore

. 
Therefore, NMR T

2
 distributions provide for fluid discrimina-

tion in sediments (clay-bound water, capillary-bound water, 
and free water). Because fluids confined to small pores near 
surface have short T

2
 relaxation times and free fluids in large 

pores have large T
2
 relaxation times, partitioning the T

2
 

distributions allows discrimination between the different fluid 
components. Adding the amplitudes of the observed fluid T

2 
components together gives a total NMR porosity that gener-
ally agrees with the density porosity in water-filled forma-
tions. The NMR porosity is lower in gas zones because NMR 
porosity depends on the total hydrogen content, as is true for 
neutron porosity. 

Hydraulic permeability (k) is proportional to the square 
of a representative NMR relaxation time. Broadly accepted in 
oil-field NMR logging is the Kenyon relation (Kenyon, 1992), 
which is given by:

	 k C T LM 4

2

2 	 (2) 
where,

k is the permeability, T2
2LM

 is the logarithmic mean 
value of the T

2
 distribution, and C is a constant dependent on 

mineralogy.

Log Analysis

In this study, density, P- and S-wave velocities, gamma, 
electrical resistivity, NMR porosity, and NMR permeabil-
ity logs were analyzed. Density porosity () is defined as 
the space occupied by water and (or) gas hydrate. Porosity 
implies density porosity in this report. Because the density 
of gas hydrate is similar to the density of water, it is difficult 
to separate the effect of gas hydrate from the effect of water 
in calculating porosity without knowing the amount of gas 
hydrate in the pore space. Therefore, the density porosity is 
iteratively corrected after the gas hydrate amount is estimated, 
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as shown in Lee and Collett (1999), using a three-component 
system (matrix, water, and gas hydrate). 

As indicated in the previous section, the NMR porosity 
log measures the space occupied only by water including clay-
bound water, capillary-bound water, and free water (Singer 
and others, 1997). Therefore, if the density and the NMR logs 
record porosity accurately, the concentration of gas hydrate 
(C

h
) can be calculated from: 

	 Ch nmr( )/1   	 (3) 
where,


nmr

 is porosity from the NMR log. 
Because C

h
 is always greater than or equal to zero, the 

NMR, in theory, is never greater than the density porosity. 
Lee and Collett (2001) defined water-filled porosity (

w
) 

as:

	  w hC( )1 	 (4)

If there are no errors in the NMR and density porosities 
and in the estimated gas hydrate concentrations, the calculated 
water-filled porosity is equal to the NMR porosity. 

Nuclear Magnetic Resonance, Density, and 
Core Porosities 

Figure 1 illustrates various types of porosities that were 
studied. The density porosity shown as a dotted red line is 
the measured density porosity, which is corrected for the gas 
hydrate concentration estimated from the electrical resistiv-
ity log. The Humble equation (Winsauer and others, 1952) 
is used to estimate the gas hydrate concentration from the 
resistivity log with the resistivity of connate water R

w
=1.246–

8.47d/10,000, where d is depth in meters. 
The NMR porosity is the sum of the volumes of free 

water and bound water in figure 1. Note that in a clean sand-
stone interval (depth 975–995 m), the NMR porosity is much 
lower than the density porosity, implying that the gas hydrate 
accumulates in the free water part of the pore space. The gas 
hydrate concentrations are given by the differences between 
the NMR and density porosities. Gas hydrate concentrations 
from the NMR porosity, calculated using equation 3, are 
shown as a solid blue line in figure 1. In the depth interval 
between 995 m and 1,025 m, the difference between the NMR 
porosity and density porosity is small, indicating negligible 
gas hydrate concentrations. 

Measured core porosities, shown as dots in figure 1, are 
similar to the corrected density porosities in the clean sand-
stone intervals. However, core porosities in the shaly intervals 
are slightly higher than density porosities.

Nuclear Magnetic Resonance and Water-Filled 
Porosities

In an ideal case, NMR porosity is identical to the 
water-filled porosity, as calculated from the density porosity 
corrected for gas hydrate concentrations. Figure 2 shows 
a comparison between NMR porosity, density porosity, 
and water-filled porosity. In figure 2A, the NMR porosity 
is plotted against the density porosity for three different 
groups of sediments with varying clay content. In the 
shaded region, shown as hydrated sediments, the difference 
between NMR and density porosities is large because of the 
high concentrations of gas hydrate in sediments. Most of 
the shaly sandstones (clay volume greater than 30 percent) 
and some of the clean sandstones lie on the 45-degree line, 
implying negligible gas hydrate concentrations. It is clear that 
gas hydrate prefers to accumulate in the cleaner sandstone 
intervals. 

Figure 2B shows the water-filled porosity plotted against 
NMR porosity. As mentioned previously, NMR porosity is the 
same as water-filled porosity in error-free measurements. The 
water-filled porosity is calculated from equation 4 using the 
gas hydrate concentrations estimated from the electrical resis-
tivity log with identical parameters mentioned previously and 
a saturation exponent of 1.9386. The majority of blue dots and 
circles (clay content less than 15 percent) follow the 45-degree 
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Figure 1.  Comparison of various measured porosities and 
fluid volumes. The gas hydrate concentrations and fluid 
volumes are calculated from the nuclear magnetic resonance 
(NMR) log (Schlumberger CMR tool). The sum of volumes of 
free and bound water is the NMR porosity.
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line, indicating accurate estimation of gas hydrate concentra-
tions from the resistivity and NMR porosity logs. However, 
most of the green dots, representing clay content greater than 
30 percent, lie above the 45-degree line, indicating that water-
filled porosity is smaller than NMR porosity. This implies 
that, in the shaly interval, the electrical resistivity log indicates 
moderate gas hydrate concentrations, but the NMR log detects 
negligible gas hydrate. If the clay correction had been applied 
to the electrical resistivity, the mismatch between the NMR 
and the water-filled porosity would have been greater because 
clay is more conductive than sandstone.

At present, it is not known which estimate is more accu-
rate. Therefore, in the following analysis, the data are limited 
to sediments with clay volume contents less than 12 percent. 
In this range of clay volume content, the NMR porosity is 
comparable to the water-filled porosity, and both the NMR and 
density porosities appear to be “accurate.”

Hydraulic Permeability

Permeability is calculated from equation 2 using the 
NMR measurement. Because the permeability is highly vari-
able with respect to clay volume content and there exists a 
discrepancy between the NMR and the water-filled porosity 

for shaly sandstones, the current analysis of permeability is 
limited to those samples with C

v
 <12 percent. Figure 3 shows 

the measured permeability with respect to the NMR porosity 
and the flow zone indicator (FZI). 

FZI is defined by Amaefule and others (1993) as: 

	 FZI
k0 0314 1. ( )

 
	 (5)

 
where,

k is the permeability in millidarcies (mD). 
Rocks with FZI values within a narrow range belong 

to one hydraulic unit, implying similar flow properties. In 
each FZI, the porosity-permeability relation can be defined 
uniquely (Amaefule and others, 1993).

For porosities greater than 20 percent, the permeability 
of sediments with negligible gas hydrate concentrations lies 
between Log (FLZ) = 0.0 and Log (FLZ) = –0.5. For high gas 
hydrate concentrations, the permeability varies between Log 
(FLZ) = 0.0 and Log (FLZ) = –1.0, implying that gas hydrates 
in sediments alter the flow characteristics of sediments. In 
other words, the behavior of permeability for non-gas hydrate-
bearing sediments (NGHBS) may not be applicable to the 
permeability of the GHBS.
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S-Wave Velocity

S-wave velocities are measured in two orthogonal 
directions. An S-wave velocity log indicates anisotropy of the 
sediments, possibly due to the near-vertical fractures at the 
Mallik 5L-38 well site, and the azimuth of the fast S-wave 
velocity is about N.40°E., which coincides with the regional 
maximum horizontal compressional stress direction (McLellan 
and others, 2005). Because the true orientation of vertical 
fractures is not known and the effect of anisotropy is not 
incorporated into the analysis, a degree of uncertainty remains 
in the elastic velocity analysis. However, the anisotropy 
log indicates that the gas hydrate-bearing sandstone section 
behaves in an isotropic manner (Plona and Kane, 2005), and 
the current log analysis is focused on the velocities of clean 
GHBS. Therefore, the uncertainty associated with anisotropy 
is deemed to be insignificant.

Theoretical Models

Permeability Model

Generally, the permeability of sediments is proportional 
to porosity and inversely proportional to the tortuosity and 
specific surface area per unit grain. Therefore, where and how 
gas hydrate accumulates in the pore spaces has a dramatic 
effect on the permeability of GHBS. Kleinberg, Flaum, Grif-
fin, and others (2003) studied different permeability models, 
which are summarized in appendix A. 

In order to apply permeability models to measured 
permeability, the relative permeability should be known. In 
this study, the permeability of clean sandstone without any gas 
hydrate concentration is used as the reference permeability, 
which corresponds to k

0
 in appendix A. As shown in figure 3, 

the permeability of sandstone near porosity of 35 percent 
is 50 mD. Therefore, the relative permeability is derived by 
dividing the permeability shown in figure 3 by 50 mD, and 
a subset of measured permeability is shown in figure 4 as 
dots with respect to the gas hydrate concentrations estimated 
from the NMR porosity. Measurements shown in figure 4 
are for GHBS with C

v
 <12 percent and 34 percent < <35 

percent. The measured permeability lies between the predicted 
permeability from the grain-coating model (equation A–4) 
and that from the LBNL model. Overall, however, the result 
from the pore-filling model shows the best correlation 
between predicted and measured values. Also shown as stars 
are the estimated permeability values from the NMR data 
interpretation with the Kenyon relation, equation 2, for the 
Berea Sandstone by Kleinberg, Flaum, Griffin, and others 
(2003). The trend of relative permeability of Berea Sandstone 
is similar to the trend of GHBS at the Mallik 5L-38 well. 

Elastic Model

The majority of gas hydrate-bearing sediments occur 
within unconsolidated sediments because gas hydrate 
accumulates in the shallow subsurface as determined by 
the gas hydrate phase stability. The elastic velocities of gas 
hydrate are higher than those of fluid in sediments, thus gas 
hydrate increases the elastic velocities of sediments. However, 
the degree of velocity increase with respect to the amount 
of gas hydrate depends on how the gas hydrate occurs in the 
pore space. For the cementation model, in which gas hydrate 
cements the grain contacts or cements uniformly around 
the grain, only a small amount of gas hydrate increases the 
elastic velocity significantly, and the elastic properties of gas 
hydrate-bearing sediments approaches those of consolidated 
sediments. For the pore-filling model, the assumption is that 
gas hydrate does not cement grains, but rather fills the pore 
space; therefore, the increase of velocity with respect to the 
gas hydrates is gradual and the elastic properties of GHBS 
remain as those of unconsolidated sediments.
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A brief description of the cementation theory for GHBS 
that was developed by Dvorkin and Nur (1993, 1996) is given 
in appendix B. In the present study, cementation theory is 
applied to a subset of measured velocities (porosity between 
34 percent and 35 percent and C

v
 <12 percent) under the 

assumption that the gas hydrates uniformly coat grains. One 
key parameter of the cementation theory is the ratio of grain 
radius to the thickness of the gas hydrate coating the grain (). 
For a uniform coating, the ratio is given by (appendix B-4):






2

3 1

0 5
Ch

( )

.

where,
 is the initial porosity without gas hydrate concentration 

or the density porosity. 
Figure 5 shows measured and modeled velocities and 

velocity ratios using elastic constants shown in table 1. In the 
cementation model, C

v
= 10 percent,  = 34.5 percent, and an 

average number of contacts per grain (n
c
) of 9 are used. Note 

that at small gas hydrate concentrations, both P- and S-wave 
velocities predicted by the cementation theory are much higher 
than measured velocities at the Mallik 5L-38 well.

Elastic velocities of a pore-filling model are calculated 
using STPBE; a brief description is given in appendix C. The 
consolidation parameter  = 30 and elastic constants shown 
in table 1 are used to calculate velocities, and the results are 
shown in figure 5 as solid lines. Overall, the measured veloci-
ties with respect to gas hydrate concentrations are closer to the 
results predicted by the pore-filling model.

Discussion

Permeability of Non-Gas Hydrate-Bearing 
Sediments

In deriving the relative permeability of GHBS, it is 
assumed that the permeability of NGHBS (the reference 
permeability) with a porosity 34.5 percent is 50 mD. The 
reference permeability used here is orders of magnitude 
less than some published permeability values. Although the 
permeability trends with respect to the NMR porosity shown 
in figure 3 are reasonable, the absolute hydraulic permeability 
derived from the NMR log may be in error. Figure 6 shows 
some published permeability values along with those used 
in this analysis. The rocks measured by Doyen (1988) are 
consolidated clean sandstones and the least-squares fitting 
curve with respect to porosity is given by k = 105.65  3.81 with 
the correlation coefficient r = 0.98. The predicted permeability 
using this empirical relation is about 8,000 mD for a sandstone 
with a porosity of 34.5 percent. Also plotted in figure 6 
are measurements for a variety of clay-bearing sandstones 
published by Sen and others (1990), for which the empirical 
relation is given by k = 10 6.51 7.03 with r = 0.74. The predicted 
permeability using this empirical relation is about 2,000 mD 
for a sandstone with a porosity of 34.5 percent. Both predicted 
values are orders of magnitude higher than the reference 
permeability used in this analysis.

Sediments in this study area are unconsolidated, whereas 
the rocks used by Doyen (1988) and Sen and others (1990) 
are consolidated. Permeability of unconsolidated sediments 
is generally higher than consolidated sediments because of 
compaction and cementation by decreasing porosity and 
pore-throat radii. Therefore, the degree of consolidation of 
sediments at the Mallik 5L-38 well cannot explain the low 
reference permeability values.

Clay significantly affects the permeability of sediments, 
causing a decrease of as much or more than two orders of 
magnitude (Schön, 1996), depending on the clay type. The 
average clay content of sediments shown in figure 6 for the 
Mallik 5L-38 well is about 10 percent, and the dominant clay 
is illite. Therefore, the much lower reference permeability of 
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Figure 4.  Relative permeability calculated from various 
permeability models and measured relative permeability at 
the Mallik 5L-38 well. The relative permeability is calculated 
under the assumption that the permeability of non-gas 
hydrate-bearing sediments is 50 mD. The measurements are 
restricted to samples with Cv <12 percent and 34 percent < 
<35 percent. LBNL, Lawrence-Berkeley National Laboratory.
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Figure 5.  Results of elastic velocities predicted from the cementation and pore-filling models with measured velocities. The 
measurements are restricted to sediments with Cv <20 percent and 34 percent < <35 percent. A, Velocities versus gas hydrate 
concentrations estimated from the nuclear magnetic resonance (NMR) log. B, P-wave velocity versus S-wave velocity. C, 
Velocity ratio (Vp /Vs) versus S-wave velocity.

Table 1.  Elastic parameters used for computing elastic velocities.

[GPa, gigapascals; g/cm3, grams per cubic centimeter; *, computed from the P- 
and S-wave velocities with density given in Sloan (1998)]

Values Sources

Shear modulus of quartz 44 GPa Carmichael (1989)

Bulk modulus of quartz 38 GPa Carmichael (1989)

Shear modulus of clay 6.85 GPa Helgerud and others (1999)

Bulk modulus of clay 20.9 GPa Helgerud and others (1999)

Shear modulus  
of hydrate* 2.54 GPa Sloan (1998)

Bulk modulus of  
hydrate* 6.41 GPa Sloan (1998)

Density of quartz 2.65 g/cm3 Helgerud and others (1999)

Density of clay 2.58 g/cm3 Helgerud and others (1999)

Density of hydrate 0.91 g/cm3 Sloan (1998)
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50 mD may be partly caused by the presence of illite in sedi-
ments. 

An interesting point with respect to figure 6 is the 
exponent of the empirical formula. The exponent for the 
GHBS (the relation is given by k = 103.56 

f
4.75 with r = 0.88) 

is closer to that of the clean sandstone, whereas the perme-
ability of NGHBS is closer to those of Sen and others (1990) 
for clay-bearing sandstones. The reduction of porosity and 
permeability of GHBS at the Mallik 5L-38 therefore appears 
to result from gas hydrate accumulation in the pore space. If 
it is assumed that the reduction of porosity and permeability 
of clay-bearing sandstone measured by Sen and others (1990) 
result from clay deposition in the pore space, such as the 
model by Marion and others (1992), the effect of gas hydrate 
on the permeability of the sediments may differ from that of 
clay, and it can be concluded that clay has the more pro-
nounced effect on the permeability of the sediment. 

All of the exponents deviate from Kozeny-Carman 
predictions, which is 3.0. According to Doyen (1988), an 
exponent of 3 is expected to be valid only when pore structure 
remains microscopically homogeneous as the porosity is 
reduced. Compaction and cementation of the grains during 
diagenesis produce an inhomogeneous pore system and 

POROSITY, IN FRACTION

PE
RM

EA
BI

LI
TY

, I
N

 M
IL

LI
DA

RC
IE

S

0.01 0.1 0.1
1E–4

1E–3

0.01

0.1

1

10

100

1,000

10,000

Mallik 5L-38 CV <12%
From Doyen (1988) (clean sandstone)

k = 105.65 3.81 (r = 0.98)

k = 106.51 7.03 (r = 0.74)

k = 103.56 f
4.75 (r = 0.88)

From Sen and others (1990) (clay-bearing sandstone)

Figure 6.  Measured permeabilities with least-squares 
fitting curves; data from Doyen (1988), Sen and others 
(1990), and this study (Cv <12 percent and 34 percent < 
<35 percent). k, permeability; r, correlation coefficient; 
porosity.

requires powers larger than 3. This implies that gas hydrate in 
the sediments alters the pore system in sediments, but not as 
much as clay does. This could be explained by the fact that gas 
hydrate prefers to form in larger pores.

Pore-Filling and Cementation Models

Previous analyses of relative permeability and elastic 
velocities indicate that a pore-filling model is preferable to 
a cementation or coating model. The rate of permeability 
decrease with respect to gas hydrate concentrations for the 
measured permeability is much higher than the predicted rate 
by capillary or the grain-coating model and much smaller than 
the University of Tokyo model with M = 10.

Figures 1 and 4 show that the decrease of permeability 
with increasing gas hydrate concentration results from gas 
hydrate forming in the free water portion of the pore space. 
Gas hydrate growth is inhibited in very small pore spaces, 
where capillary and clay-bound water is present (Clennell and 
others, 1999; Henry and others, 1999). Therefore, the maxi-
mum amount of gas hydrate in the pore space appears to be 
limited by the amount of free water, as shown in figure 1. 

The relation between gas hydrate concentration and 
velocities, shown in figure 5A, indicates that the pore-filling 
model is preferable to the cementation model. Comparison 
between the two models using only measured, not interpreted, 
values are shown in figures 5B and 5C. Figure 5B indicates 
that for a given S-wave velocity, the cementation model pre-
dicts lower P-wave velocities than that of either the measured 
P-wave velocities or those predicted by the pore-filling model. 
This implies that in the cementation model, gas hydrate has a 
more pronounced effect on the shear modulus than on the bulk 
modulus of the sediment. 

It is known that V
p
/V

s
 ratios less than 2.0 are character-

istic of well-consolidated water-saturated sediments (Gardner 
and Harris, 1968). Figure 5C indicates that under the assump-
tion of the cementation model, V

p
/V

s
 ratios are less than 2 

when S-wave velocities are greater than about 1.3 km/s, which 
corresponds to a gas hydrate concentration of about 5 percent. 
The V

p
/V

s
 ratio decreases rapidly for small amounts of gas 

hydrate and increases for higher gas hydrate concentrations. 
This is caused by the fact that the S-wave velocity is nearly 
constant for gas hydrate concentrations greater than about 60 
percent, whereas the P-wave velocity increases continuously. 
However, the predicted V

p
/V

s
 ratios by the pore-filling model 

are greater than 2.0 for all ranges of gas hydrate concentra-
tions and decrease monotonically as gas hydrate concentra-
tions increase. 

Combination of Permeability and Elastic 
Velocities

The previous discussion focuses on the predictions 
of various models for either elastic velocities or relative 
permeabilities. Because a common variable of elastic and 



Conclusions    9

permeability models is the gas hydrate concentration, it is 
possible to combine velocity and permeability models, both 
of which prefer the pore-filling model. In figure 7, the open 
circles show the relation between the P-wave velocity and the 
relative permeability for GHBS with C

v
 <12 percent and 20 

percent < <50 percent, and the blue solid dots for GHBS with 
C

v
 <12 percent and 34 percent < <35 percent. The average 

clay content of the samples in figure 7 is the same as the one 
used for the elastic models (that is, C

v
 = 10 percent), and the 

average porosity is 33.5 percent, which is about 1 percent 
less than the one used for models shown in figures 4 and 5. 
In figure 7, cementation models are shown as dashed lines 
and pore-filling models are shown as solid lines. It is clear 
that where P-wave velocities are greater than about 2.5 km/s, 
or where S-wave velocities are greater than 1.0 km/s, the 
relation between velocity and relative permeability follows the 
prediction of the pore-filling model. In this velocity range, the 
cementation model predicts much higher relative permeability 
for given velocities. However, for lower velocities, or lower 
gas hydrate concentrations, the relation is not as clear.

Because the permeability of sediments depends highly 
on porosity and the clay content, the relative permeabilities 
derived by dividing the measured permeability by 50 mD 
may not be accurate for all data used in figure 7. Part of the 
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Figure 7.  Calculated relative permeability and elastic velocities using the grain-coating (cementation) 
model and pore-filling model with measured permeabilities and velocities. The measurements are restricted 
to sediments with Cv <12 percent and 20 percent < <50 percent. A, Relative permeability versus P-wave 
velocity. B, Relative permeability versus S-wave velocity.

scattering shown in figure 7 is due to the variable porosity and 

clay content in sediments. 

Conclusions

Gas hydrate in pore spaces increases elastic velocities 

and decreases hydraulic permeability. The amount of veloc-

ity increase or permeability decrease depends on how the gas 

hydrate accumulates in the pore space. The NMR porosity log 

combined with resistivity, velocity, density, and gamma logs 

provides a means of testing various models for gas hydrate 

accumulations. From this investigation, the following conclu-

sions can be drawn.

The NMR porosity appears to be reliable for clean sand-1.	

stones, and accurate in-situ gas hydrate concentrations can 

be estimated using density and NMR porosities.

Gas hydrate concentrations estimated from the electrical 2.	

resistivity log are comparable to those estimated from the 

NMR porosity log for clean sandstones, but are higher for 

the shaly sandstones.
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Relative permeability predicted using a pore-filling model 3.	
of gas hydrate agrees well with the measured relative 
permeability for clean sandstone.

Elastic velocities of gas hydrate-bearing sediments can be 4.	
accurately predicted using the three-phase Biot-type equa-
tion under the assumptions used in the pore-filling model.

The relation between elastic velocities and relative perme-5.	
abilities predicted from the pore-filling model agrees rea-
sonably well with the measured relation for clean GHBS 
containing moderate-to-high gas hydrate concentrations. 
However, at low gas hydrate concentrations, the relation is 
less clear.
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This appendix summarizes the various permeability 
models used in estimating gas hydrate concentrations in 
sediments (Kleinberg, Flaum, Griffin, and others, 2003).

Let C
h
 be the gas hydrate concentration in sediments 

having an initial porosity of . Relative permeability (k
rw

), 
defined as the ratio of permeability of the models divided by 
the permeability of the simplest model (a porous medium that 
consists of a bundle of straight, parallel cylindrical capillaries 
having an inner radius of a), is given by:

	 k
n a a

o

 2 2

8 8
	 (A-1)

Therefore, the permeability of a porous medium without 
gas hydrate is given by k

0
.

Hydrate coats capillary walls:1.	

	 k
k

k
Crw

o
h( )1 2

	  (A-2)

Hydrate occupies capillary centers:2.	
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Hydrate coats grains:3.	

	 k Crw h
n( )1 1	 (A-4) 

 
where,

n is the Archie saturation exponent. 

Hydrate occupies pore center or pore filling:4.	

	 k
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C
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Appendix A.  Permeability Model

University of Tokyo model (Masuda and others, 1997):5.	

	 k C
rw h

M( )1 	 (A-6) 

 
where,

M = 10 or 15

Lawrence Berkeley National Laboratory (LBNL) model:6.	

	 k S Srw w w
m* * /{ ( ) }1 1 1 2

	 (A-7) 
 
where,

S
S S

S
w

w r

r

*

1

and, 
S

w
 is the water saturation, that is 1–C

h
, and S

r
 is the irre-

ducible water saturation. Typically in sandstone, S
r
 = 0.09 and 

m = 0.46 (Parker and others, 1987).
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The cementation theory for gas hydrate concentration is 
given by Dvorkin and Nur (1993, 1996). The effective dry-
rock bulk (k

eff
) and shear (

eff
) moduli are:

	

k
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k S
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where,

n
c
 is the average number of contacts per grain,  is the 

initial porosity of sediment without a gas hydrate, and k
h
 

and 
h
 are bulk and shear moduli of the pure gas hydrate, 

respectively. Parameters S
n
 and Sτ are given by:
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where,
 and v are the shear modulus and the Poisson’s ratio of 

the grain, respectively; 
h
 and v

h 
are the shear modulus and the 

Poisson’s ratio of the pure gas hydrate respectively;  is the 
ratio of the gas hydrate contact radius to the grain radius. If all 
hydrate is deposited at the grain contacts, then:

	 



2

3 1

0 25
C

n

h

c ( )

.

	 (B-3)

Appendix B.  Cementation Theory

(B-2)

 
But if hydrate evenly coats every grain, then:

	 




2

3 1

0 5
C

h

( )

.

	 (B-4)

Effective bulk and shear moduli of water-saturated sedi-
ments are calculated from the above dry rock moduli by the 
fluid substitution of Gassmann’s (1952) formula and moduli 
of composite matrix (that is, quartz, clay, and gas hydrate) is 
computed using Hill’s (1952) averaging method.
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Using the stiffness matrix (R
ij
) and the shear matrix (

ij
), 

the P-wave (V
p
) velocities and the shear-wave velocities (V

s
) 

of gas hydrate-bearing sediments (GHBS) at low frequency 
ignoring the attenuation are given by the following equation 
(Lee, 2007): 

V

R
k

V
p

ij

i j

b b

S

ij

i j

b b

, ,/1

3

1

3

4 3














and (C-1)

where,
k and  are bulk and shear moduli of the GHBS, 

b
 is 

the bulk density of GHBS given by 
b
 = 

s
 (1–) + 

w
 (1–C

h
) 

+ 
h
C

h
, and subscripts s, w, and h refer to sediment grain, 

water, and gas hydrate, respectively.
Assuming that the gas hydrate acts as a load-bearing 

component of the matrix, the elements of R
ij
 and 

ij
 are given 

by: 
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where,
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,

1 3

1
g h

h

 is an angular frequency and  is the pore fluid viscosity. The 
subscripts sm and hm refer to the sediment matrix and to the 
hydrate matrix, respectively.  

Appendix C.  Three-Phase Biot-Type 
Equation

In the proposed moduli shown in Lee (2007), moduli formed 
by gas hydrate, that is K

hm
 and 

hm
 are negligible compared 

to the moduli formed by grains, that is K
sm

 and 
sm

. Because 
small magnitudes of K

hm
 and 

hm 
only affect the slow wave 

velocities significantly, these values can be ignored for the 
computation of the fast velocities, which the logging tools 
measure. Also the fluid effect on 

av 
is negligible when the 

frequency is less than logging frequencies (about 30 KHz). 
Therefore, three-phase Biot-type (TPBE) applicable to the 
logging or seismic data can be simplified with K

hm
= 0, 

hm
= 0, 


av

= 0, c
3
 = 0, and g

3
 = 0, and the TPBE shown in equations 

C-1 and C-2 can be simplified as:
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with, 
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.

1 as

where, 
 is the consolidation parameter (Pride and others, 2004; 

Lee, 2005) 
 
with,





  

1 2

1
and as w h .

Lee (2007) recommended  = 0.12 for modeling velocities  
of GHBS. 

The use of equations C-1 and C-3 is referred to as simpli-
fied three-phase Biot-type equation (STPBE) in this report. 
For water-saturated sediments, STPBE is the same as the Biot-
Gassmann equation.
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