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A B S T R A C T

Numerous models have been developed for prediction of gas hydrate saturation based on the microstructural
relationship between gas hydrates and sediment grains. However, quantification of hydrate saturation and
morphology from elastic properties has been hindered by failing to account for complex hydrate distributions.
Here, we develop a generalized effective medium model by applying the modified Hashin-Shtrikman bounds to a
newly developed cementation theory. This model is validated by experimental data for synthetic methane and
tetrahydrofuran hydrates. Good comparison of model predictions with experimental measurements not only
reveals its ability to merge the results of contact cementation theory and effective medium theory, but also
indicates its feasibility for characterizing complex morphologies. Moreover, the results of inverting acoustic
measurements quantitatively confirm that for synthetic samples in “excess-gas” condition gas hydrates mainly
occur as a hybrid-cementing morphology with a low percentage of pore-filling morphology, whereas for pres-
sure-core hydrate-bearing sediments in natural environments they exist as matrix-supporting and pore-filling
morphologies with a very low percentage of hybrid-cementing morphology. The hydrate saturations estimated
from sonic and density logs in several regions including northern Cascadia margin (Integrated Ocean Drilling
Program Expedition 311, Hole U1326D and Hole U1327E), Alaska North Slope (Mount Elbert test well) and
Mackenzie Delta (Mallik 5L-38), are comparable to the referenced hydrate saturations derived from core data
and resistivity, and/or nuclear magnetic resonance log data, confirming validity and applicability of our model.
Furthermore, our results indicate that ~8% hybrid-cementing, ~33% matrix-supporting and ~59% pore-filling
hydrates may coexist in the fine-grained and clay-rich marine sediments on the northern Cascadia margin,
whereas ~10% hybrid-cementing, ~54% matrix-supporting and ~36% pore-filling hydrates may coexist in the
coarse-grained and sand-dominated terrestrial sediments of the Alaska North Slope and Mackenzie Delta.

1. Introduction

Gas hydrates are naturally occurring ice-like crystalline solids
formed under low-temperature and high-pressure conditions, which are
found along continental margins and in terrestrial permafrost regions
(Sloan, 1998). In recent years, gas hydrates have received worldwide
interest due to their potential as a promising major future energy re-
source and their possible impacts on climate change and seafloor sta-
bility (Riedel et al., 2010).

The presence of gas hydrates alters the physical properties of host
sediments significantly by increasing seismic wave velocities (Chand
et al., 2004). The effect of hydrates on seismic wave velocities is not

only dependent on hydrate saturation but also on the microstructural
distribution of hydrate grains within host sediments, which may include
morphologies such as contact-cementing, grain-coating, pore-filling,
matrix-supporting, matrix-inclusion and fracture-filling (Ecker et al.,
1998; Helgerud, 2001; Dai et al., 2004). These morphologies frequently
coexist in natural hydrate-bearing sediments. For example, gas hydrates
that occur as pore-filling and vein/fracture-filling with possible matrix-
supporting or grain-coating morphologies have been reported in the
Krishna-Godavari Basin and South China Sea (Qian et al., 2017; Holland
et al., 2018; Yoneda et al., 2018; Collett et al., 2019), while pore-filling,
matrix-supporting and grain-coating morphologies have been found at
the Mallik site on the Meckenzie Delta (Dai et al., 2008; Winters et al.,
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2014). Except for seismic wave velocities, hydrate morphology is also
strongly correlated with other physical properties of gas hydrate-
bearing sediments, such as seismic wave attenuation, permeability,
shear strength, electrical resistivity and thermal conductivity (Priest
et al., 2006; Chand et al., 2006; Ellis, 2008; Cortes et al., 2009; Dai
et al., 2012; Best et al., 2013; Delli and Grozic, 2014; Katagiri et al.,
2017; Yoneda et al., 2018; X. Liu et al., 2018; Pan et al., 2019c; Sahoo
et al., 2019). Thus, a good knowledge of gas hydrate morphology in
host sediments is essential for improving the accuracy of hydrate sa-
turation estimation and lowering the risks in gas hydrate exploitation.

Investigation of hydrate morphology is crucial for modeling the
elastic behaviors of hydrate-bearing sediments and for better under-
standing the gas hydrate deposit environments, as well as for revealing
the hydrate occurrence mechanism. Laboratory experiments on the
formation of synthetic hydrates, or direct observation of natural hy-
drate-bearing sediments recovered in pressure are often used to study
the microscopic characteristics of gas hydrate occurrences (Holland
et al., 2008; Hu et al., 2012; Chaouachi et al., 2015; Yang et al., 2016;
Jin et al., 2016; Sahoo et al., 2018). Such studies suggest that hydrates
exhibit different morphologies in different formation conditions; for
instance, hydrates mainly occur as contact-cementing or grain-coating
morphologies in “excess-gas” (gas saturated pore space) conditions,
while they form as matrix-supporting or pore-filling morphologies in
“excess-water” (water saturated pore space) (e.g., natural environ-
ments) conditions (Priest et al., 2005; Dugarov et al., 2019). Recently,
advances in pressure coring techniques and analysis have allowed in
situ measurement of hydrate saturation and examination of hydrate
morphology in natural gas hydrate-bearing sediments (Rydzy, 2014;
Schindler et al., 2017; Holland et al., 2018). However, pressure-core
samples are rare, potentially mechanically disturbed and expensive (Dai
and Santamarina, 2014; Cook and Waite, 2018). Although logging-
while-drilling resistivity images (Cook et al., 2014; Kim et al., 2013;
Collett et al., 2019) can be used to identify and differentiate pore-filling
and vertical or sub-vertical fracture-filling hydrates, they are unable to
detect vein/nodular-filling hydrates and fractures with small dip angles.
Crossplots of P- and S-wave velocities versus hydrate saturation (Dai
et al., 2004, 2008; Pan et al., 2019c) are a common tool to diagnose the
morphology of gas hydrates from well-log and experimental data, but
this method depends on a variety of models which assume that gas
hydrates are mainly present as a single morphology in host sediments
and which may yield differing results. These methods fail to quantify
the fractions of multiple hydrate morphologies and capture the spatial
occurrence mechanism of hydrates on a seismic or basin-wide scale.
Therefore, there is a need for improved methods for the precise de-
tection and characterization methods of complex hydrate morpholo-
gies.

Numerous theoretical models that refer to hydrate morphology have
been developed to predict gas hydrate saturation (Dvorkin and Nur,
1996; Helgerud et al., 1999; Lee et al., 1996; Jakobsen et al., 2000;
Chand et al., 2004, 2006; Lee and Waite, 2008; Lee and Collett, 2009;
Zhang et al., 2013; Sriram et al., 2014; Jaiswal et al., 2014; Z. Liu et al.,
2018; Terry and Knapp, 2018; Nguyen-Sy et al., 2019; Pan et al.,
2019a). For example, the contact cementation theory (CCT) (Dvorkin
and Nur, 1996) has been often used to characterize contact-cementing
and grain-coating hydrates, and the effective medium model (EMM)
(Dvorkin et al., 1999; Helgerud et al., 1999) has been used to quantify
the amount of pore-filling and matrix-supporting hydrates. Ad-
ditionally, the combined self-consistent approximation (SCA) and dif-
ferential effective medium (DEM) theory is used to delineate the ce-
menting and matrix-inclusion hydrate-bearing sediments (Chand et al.,
2006; Minshull and Chand, 2009). However, these models can be ap-
plied to two morphologies at most, as they are based on the assumption
that gas hydrates are either present in cementing form (contact-ce-
menting and grain-coating) or non-cementing form (pore-filling, ma-
trix-supporting, and matrix-inclusion). The unified contact cementation
theory combines the cementing and non-cementing morphologies (Pan

et al., 2019a), but it could not allow for grain-coating and contact-ce-
menting morphologies simultaneously. That is to say, existing models
are unable to delineate more complex hydrate morphologies. Therefore,
a more general model is required to reliably quantify hydrate saturation
and complex morphologies from elastic properties.

In this study, we first develop a modified cementation theory based
on general expressions of pressure-dependent normalized contact-ce-
mented radii and approximate expressions of the normal and tangential
stiffnesses between contact-cemented and Hertzian-contact scenarios.
We then propose a generalized effective medium model (GEMM) by
applying the modified Hashin-Shtrikman upper and lower bounds to the
novel cementation theory at critical porosity. We validate the feasibility
of this model with two sets of laboratory experimental data for syn-
thetic methane and tetrahydrofuran (THF) hydrates. Next, we apply the
proposed model to quantify the fractions of multiple hydrate
morphologies and analyze the possible hydrate occurrence mechanism
from the acoustic measurements of synthetic hydrate samples and
natural recovered pressure-core hydrate samples. Finally, we predict
hydrate saturation and fractions of multiple morphologies at Site
U1326 and Site U1327 (Integrated Ocean Drilling Program (IODP)
Expedition 311, northern Cascadia margin) and the Mount Elbert test
well (Alaska North Slope), as well as at Mallik 5L-38 (Mackenzie Delta)
(Fig. 1).

2. Theory

The CCT (Dvorkin and Nur, 1996) and EMM (Dvorkin et al., 1999;
Helgerud et al., 1999) are frequently used to characterize hydrate-
bearing sediments. However, the CCT is independent of effective
pressure and poorly suited for low-porosity cemented rocks; moreover,
it cannot couple with the Hertz-Mindlin theory (Mindlin, 1949) if the
cement content is equal to zero. To overcome the drawbacks of the CCT
and merge it with EMM, we derive a GEMM by applying the modified
Hashin-Shtrikman bounds to a modified cementation theory. In this
section, we will provide the detailed derivation of pressure-dependent
normalized contact-cemented radii and modified cementation theory,
as well as GEMM.

2.1. Pressure-dependent normalized contact-cemented radii

To allow for the impact of effective pressure on the elastic proper-
ties, we assume that two identically spherical grains with radius R have
a finite circle contact area instead of point contact (assumption of CCT)
with initial contact radius a0 under the effective pressure Peff (Dvorkin
and Yin, 1995; Elata and Dvorkin, 1996), and cement accumulates at
the grain contacts (contact-cementing), coats on grain surfaces (grain-
coating), or coexists at grain contacts and on grain surfaces (hybrid-
cementing). This assumption accounts for some aspects of rock texture
(e.g. grain angularity and sorting to some extent) and the issue of di-
agenesis (e.g. mechanical compaction and cementation). For simplicity,
the geometrical relationships between grains (blue) and cement
(yellow) for three arrangements can be illustrated in Fig. 2. Based on
the expressions of normalized contact-cemented radii derived by Pan
et al. (2019a, equations (1) and (2)), we can obtain the pressure-de-
pendent normalized contact-cemented radii for contact-cementing and
grain-coating cases by setting the thickness of cement layer to 0.

If cement accumulates at grain contacts as shown in Fig. 2(a), the
normalized contact-cemented radius α can be expressed as
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−
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(average number of grain contacts per grain); Gma and νma are the shear
modulus and the Poisson's ratio of the matrix, respectively.

If cement distributes evenly around the grain surface as shown in
Fig. 2(b), the normalized contact-cemented radius α can be written as

= +
−

−
α α

φ φ
φ

2( )
3(1 )

c

c
0
2

(2)

Based on expressions of equations (1) and (2), the normalized
contact-cemented radius for hybrid-cementing case (Fig. 2(c)) can be
yielded as
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where Sc is the cementing hydrate saturation which is equivalent to

S fgh c, fc is the fraction of hybrid-cementing morphology;Wc is defined as
the weighted cement factor which ranges from 0 to 1. Here, =W 0c and

=W 1c , respectively, represent the grain-coating and contact-cementing
cases.

As the effective pressure tends to zero, equations (1)–(3) respec-
tively reduce to the normalized contact-cemented radii as

=
−
−

β
φ φ

n φ
16( )
3 (1 )

c

c

1
4

(4)

=
−

−
β

φ φ
φ

2( )
3(1 )

c

c (5)

= ⎡
⎣⎢

− + −
−

⎤
⎦⎥

= ⎡
⎣⎢

− +
−

⎤
⎦⎥

−

−

β
n W W φ φ

n φ

n W W φ S
n φ

[2 (1 ) 16 ]( )
3 (1 )

[2 (1 ) 16 ]
3 (1 )

c c c

c

W

c c c c

c

W

2
2

2
2

c

c

(6)

Fig. 1. The location of well sites. (a): two permafrost-associated gas hydrate research wells: the Mallik 5L-38 research well in Mackenzie Delta and Mount Elbert test
well in Alaska North Slope. (b): two sites from IODP: Site U1326 and Site U1327. Bathymetry source: Esri (ArcGIS).

Fig. 2. Schemes for the three configurations between the cement (yellow) and grains (blue): a) contact-cementing; (b) grain-coating; (c) hybrid-cementing. (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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Note that equations (4) and (5) are the same as the classic contact-
cemented radii proposed by Dvorkin et al. (1999) and equation (6) is
equivalent to the normalized contact-cemented radius for intermediate
scheme derived by Allo (2019). The pressure-dependent normalized
contact-cemented radii will be simplified into the initial normalized
contact radius α0 if the cement content is equal to zero.

2.2. Modified cementation theory

Starting from the equations of CCT, Langlois (2015) proposed ap-
proximate expressions of the normal (DN ) and tangential (DT) stiff-
nesses between the contact-cemented scenario and the Hertzian-contact
scenario in the “rigid cement” regime (where the maximal stress is lo-
cated at the periphery), given as,
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= −Λ G ν πG(1 )/N c ma ma , =Λ G πG/T c ma , = − −M G ν ν2 (1 )/(1 2 )c c c c . b
is the normalized contact-cemented radius; β is the classic normalized
contact-cemented radius which can be calculated using equation (6).
Gcandνcare the shear modulus and the Poisson's ratio of the cement,
respectively. The corrective functions are expressed as
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It should be noted that the normal and tangential stiffnesses and the
corrective functions are only related to the classic normalized contact-
cemented radii β.

As interactions of contact and cementation between cement and
grain coexist in grain contact area, it is more appropriate to use the
pressure-dependent normalized contact-cemented radii. Therefore, the
contact-cemented normal (SN) and tangential (ST) stiffnesses can be
modified as
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where =a αR is the radius of contact-cemented area between two
grains.

Then, for a random packing, the effective bulk modulus Kcct and
shear modulus Gcct (Digby, 1981; Winkler, 1983) can be expressed as:
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Substituting equations (12) and (13) into equations (14) and (15)
yields
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where the normalized radii α can be calculated by using equation (3).
Note that equations (16) and (17) are pressure-dependent and reduced
to the Hertz-Mindlin theory (Mindlin, 1949) when the cement content
tends to zero.

2.3. Generalized effective medium model (GEMM)

Dvorkin et al. (1999) proposed an EMM by applying the modified
Hashin-Shtrikman bounds (Hashin and Shtrikman, 1963) to the Hertz-
Mindlin theory at critical porosity. In the same spirit, we calculate the
dry-rock moduli at critical porosity using the proposed cementation
theory. Then, the modified Hashin-Shtrikman bounds are employed to
obtain the effective dry-rock moduli at arbitrary porosity. Separating
into regions above and below critical porosity, the bulk (Kdry) and shear
(Gdry) moduli of dry frame can be expressed as:
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where Kcct and Gcct represent the effective moduli at critical porosity
calculated from the modified cementation theory. Kma is the bulk
modulus of the matrix. = +

+( )Z G K G
K G6

9 8
2

cct cct cct
cct cct

. Equations (18) and (19)
effectively overcome the issue that CCT is poorly suited for low-porosity
cemented rocks. Moreover, they degrade to the EMM (Dvorkin et al.,
1999; Helgerud et al., 1999) as cement content tends to zero.

The subsequent saturated bulk (Ksat) and shear (Gsat) moduli can be
calculated from Gassmann's equation (Gassmann, 1951),

=
− + +

+ + −
K K

φK φ K K K K
φ K φK K K K
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dry fl dry ma fl

fl ma fl dry ma (20)
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where Kfl represents the bulk modulus of pore fluid.
Finally, the elastic wave velocities can be calculated as

= + =V K G
ρ

V G
ρ

4/3 ,p
sat sat

b
s

sat

b (22)

where ρb denotes the bulk density calculated using the volume
weighted average method.

3. Methods

3.1. Rock physics modeling of gas hydrate-bearing sediments

Based on the GEMM, rock physics modeling of hydrate-bearing se-
diments with three hydrate morphologies (see Fig. 3) can be divided
into three main parts:

(1) Assuming that gas hydrates become a component of the matrix
(Fig. 3(a)), the original porosity φ reduces to = −φ φ S f(1 )e gh ms and
the bulk and shear moduli of the matrix are calculated using Hill's
average (Hill, 1963) as
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where Sgh and fms are the total hydrate saturation and the fraction of
matrix-supporting morphology, respectively; Vsh is the clay content.

= − −f φ φ φ( )/(1 )h e e is the fraction of gas hydrates in the matrix;
K ,h Ks, Ksh are the bulk moduli of hydrates, quartz and clay, re-
spectively. Gh, Gs and Gsh are the shear moduli of hydrates, quartz
and clay, respectively.

(2) Since contact-cementing and grain-coating hydrates mainly affect
the stiffnesses of the dry-rock frame, the GEMM can be used to
calculate the dry-rock moduli. Unlike the approach adopted by
Marín-Moreno et al. (2017), we calculate the effective elastic
moduli of hydrate-bearing sediments containing hybrid-cementing
morphologies (Fig. 3 (b)) by introducing a weighted cement factor.
Different values of weighted cement factor represent different
combinations of grain-coating and contact-cementing morpholo-
gies. We have to bear in mind that the porosity in Gassmann's
equation (equations (20) and (21)) will further reduce to

= − +φ φ S f f(1 ( ))eff gh ms c due to the presence of hybrid-cementing
hydrates.

(3) Assuming that part of hydrates fills into the pore space (Fig. 3 (c)),
the bulk modulus of pore fluid can be calculated using
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where Kw is the bulk modulus of water. fpf is the fraction of pore-
filling morphology. Note that the sum of the fractions of hydrate
morphologies is equivalent to 1.

3.2. Very fast simulated annealing method

The goal of this study is to quantitatively assess gas hydrate mor-
phology and saturation. To avoid falling into local minimum or relying
on starting models, a global optimization method, the very fast simu-
lated annealing (VFSA) algorithm (Ingber, 1989), is employed to pre-
dict hydrate saturation and fractions of hydrate morphologies. To ob-
tain reliable and stable solutions from the limited input elastic data (P-
and S-wave velocities and density), we set a weighted cement factor to

adjust the ratio of grain-coating and contact-cementing morphologies in
the hybrid-cementing hydrates and assume that gas hydrates are pre-
sent as a combination of pore-filling, matrix-supporting and hybrid-
cementing morphologies in host sediments. Given the measured P- and
S-wave velocities and density, the fractions of hydrate morphologies
and hydrate saturation can be predicted by solving a non-linear inverse
problem by minimizing the objective function:

= − + − + −E V V V V ρ ρ[( ) ( ) ( ) ]p
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p
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s
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s
cal

b
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where V V ρ, ,p
obs

s
obs

b
obs are the observed P- and S-wave velocities and

density, respectively. V V ρ, ,p
cal

s
cal

b
cal are the calculated P- and S-wave

velocities and density, respectively. After determining the fractions of
matrix-supporting and pore-filling morphologies, the fraction of hybrid-
cementing morphology can be obtained.

Fig. 4 shows the workflow of the VFSA algorithm for quantification
of hydrate saturation and the fractions of pore-filling and matrix-sup-
porting morphologies. First, an initial model =m S f f( , , )i gh i ms i pf i, , ,
( ≤ ≤S0 1gh i, ≤ ≤f0 1ms i, ≤ ≤f0 1pf i, , hydrate saturation and fractions
of matrix-supporting and pore-filling morphologies) is selected ran-
domly from the model space < <m m mi i i

min max and the initial objec-
tive function Ei is evaluated. Here, the minimum (mi

min ) and maximum
(mi

max ) values of the initial model are set to be 0 and 1, respectively.

Fig. 3. Three types of hydrate morphologies. (a): matrix-supporting; (b): hybrid-cementing and (c) pore-filling:. Blue spheres represent sediment grains and the
yellow refer to hydrates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Workflow of the VFSA algorithm for quantification of hydrate saturation
and morphology.
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Then, the initial model mi is updated to a new model mj using the
following equation

= + −m m y m m( )j i i i i
max min (27)

where = − ⎡
⎣

+ − ⎤
⎦

−( )y u Tsgn( 0.5) 1 1i i k T

u1 2 1

k

i
, ui is a random number

varying between 0 and 1. i and j are the previous and subsequent
iteration numbers in the minimization. = −T T λk

k
0

1, T0 is the initial
temperature. Here, the constant λ is set to be 0.95. kis the number of
iterations ⋯ N(1,2,3, , )T and NT is the total number of iterations. For this
study, we set the initial temperature and total number of iterations as
100 and 3000, respectively. Next, the objective function Ej for the up-
dated model is calculated and compared with the previous objective
function for the previous model. The new model is accepted if <E Ej i

and rejected, or rejected with a probability = − − −( )p 1 exp E E
T

j i

k
if >E Ej i. Finally, the optimal model is obtained after completing the
predefined largest iterations.

4. Validation of the GEMM model with experimental data

To evaluate the performance of the GEMM, we compare its pre-
dictions with those obtained by two other conventional models (EMM
and CCT). The input P- and S-wave velocities are measured on un-
consolidated sand samples containing synthetic methane and THF hy-
drates by Dugarov et al. (2019) (Fig. 5). The elastic constants for the
sediment constituents used in the calculations are listed in Table 1. The
critical porosity, coordination number and effective pressure are 0.4, 9
and 10 MPa (Dugarov et al., 2019), respectively. As we can see, velo-
cities calculated from the GEMM are fully consistent with those from
the EMM for pore-filling and matrix-supporting morphologies, and are
comparable to those from the CCT for contact-cementing and grain-
coating morphologies. In addition, the experimental results demon-
strate that most methane hydrate samples follow the trend of multiple
morphologies with 84% grain-coating, 12% matrix-supporting and 4%
pore-filling, while most THF hydrate samples agree well with the trend
of multiple morphologies with 1% grain-coating, 96% matrix-sup-
porting and 3% pore-filling. These comparisons suggest that our model
not only effectively merges the results of CCT and EMM, but also cap-
tures the multiple morphological characteristics of gas hydrates at mi-
croscale during their formation.

5. Application to laboratory data

5.1. Quantification of hydrate morphology for synthetic hydrate-bearing
sediments

Priest et al. (2005) formed synthetic methane hydrates under “ex-
cess-gas” conditions using resonant column setups with suitable tem-
perature and pressure (500 kPa), and measured the P- and S-wave ve-
locities in the seismic frequency range. Here, we first generate the
crossplots of P- and S-wave velocities versus hydrate saturation using
our GEMM to diagnose possible morphologies for 11 synthetic hydrate
samples as shown in Fig. 6. The critical porosity is set to be the mean
value of measured initial porosity (~0.42) in the experiment. By fitting
the measured P- and S-wave velocities, the coordination number is
determined as 6.5. The results indicate that measured P- and S-wave
velocities are slightly underestimated by our model at a hydrate sa-
turation of 0–20% although the correlation with the trend of grain-
coating morphology is relatively high. This discrepancy between mea-
sured and predicted P-wave velocities might be a consequence of ne-
glecting the presence of methane gas in the modeling, or it might imply
that hybrid-cementing, pore-filling and matrix-supporting hydrates
coexist in the samples. Consequently, we quantify the fractions of these
three morphologies directly from the measured P- and S-wave velocities
for the given hydrate saturation and porosity for synthetic samples
using the VFSA method (Fig. 7) with a weighted cement factor of 0.35.
The results indicate that pore-filling hydrates form at the initial stage
with extremely low saturations, and hybrid-cementing hydrates occur

Fig. 5. Comparison of obtained P- (a) and S-
wave (b) velocities in samples containing
methane (stars) and THF hydrates (squares)
(Dugarov et al., 2019) with estimations by
GEMM (solid lines), CCT (dash-dotted lines)
and EMM (dash-dotted lines). Multiple 1
case (green dashed line) is derived from
GEMM with a combination of hydrate
morphologies composed by 84% grain-
coating (GC), 12% matrix-supporting (MS)
and 4% pore-filling (PF); Multiple 2 case
(yellow dashed line) is another combination
of morphologies with 1% GC, 96% MS and
3% PF. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Bulk modulus, shear modulus and density of sediment constituents.

Component Bulk modulus
(GPa)

Shear modulus
(GPa)

Density (g/cm3)

Quartza 36 45 2.65
Claya 20.9 6.85 2.58
Marine hydrateb 6.41 2.54 0.91
Terrestrial hydratec 8.7 3.5 0.92
THF hydrateb 7.92 3.25 0.91
Pore watera 2.25 0 1
Free gasd 0.12 0 0.23

a (Lee, 2002).
b (Lee et al., 2007).
c (Lee and Collett, 2011; Riedel et al., 2014).
d (Helgerud et al., 1999).
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at around 3% hydrate saturation, and the two coexist at hydrate sa-
turations between 5% and 35%. This is consistent with finding of Priest
et al. (2005) that for the “excess-gas” condition hydrates initially ce-
ment at sand grain contacts (3%–5% hydrate saturation) then fill into
pore space (5%–35% hydrate saturation). This is mainly because hy-
drates preferentially form where water lies at the gas-saturated condi-
tion(Cook and Waite, 2018).

Fig. 7 shows the theoretical effects of hydrate morphologies on P-
and S-wave velocities and demonstrates that hybrid-cementing mor-
phology causes a relative increase of S-wave velocity, while pore-filling
morphology produces a relative decrease of P-wave velocity. The

matrix-supporting morphology creates moderate increases in P- and S-
wave velocities. These effects are predominantly caused by the impact
of hydrate morphology on elastic behaviors. For instance, pore-filling
hydrates are supposed to affect only the pore fluid bulk modulus,
whereas matrix-supporting and hybrid-cementing hydrates tend to en-
hance the elastic moduli of the matrix and dry frame, respectively.

5.2. Quantification of hydrate morphology for natural hydrate-bearing
sediment cores

Yoneda et al., 2018b measured the P- and S-wave velocities of the

Fig. 6. Crossplots of P- and S-wave velocities versus hydrate saturation for four types of hydrate morphologies. Model predictions (solid lines) for velocities are
calculated using the GEMM and the superposed data (green squares) are the experimental data based on synthetic core samples measured by Priest et al. (2005). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Fractions of hybrid-cementing, matrix-supporting and pore-filling morphologies estimated from measured elastic-wave velocities using the VFSA for the
synthetic core (Priest et al., 2005). From left to right: hydrate saturation, P-wave velocity, S-wave velocity, fraction of hybrid-cementing hydrates, fraction of matrix-
supporting hydrates, and fraction of pore-filling hydrates. The measurements and predictions are marked by red squares and stars, respectively. (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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pressure-core hydrate-bearing sediments from the Krishna-Godavari
Basin with a triaxial testing apparatus. Fig. 8 compares the measured
elastic-wave velocities and gas hydrate saturations with the GEMM
results. Optimization of the calculated and measured velocities gen-
erates a coordination number of 6 and a critical porosity of 0.4. It is
found that most of measured data points highly correlate with the trend
of matrix-supporting morphology with some of data on the trend of
pore-filling or grain-coating morphology (Fig. 8). Hence, based on the
measured elastic-wave velocities of the chosen 25 samples, the fractions
of these morphologies are also evaluated using the VFSA method with a

weighted cement factor of 0.05. Fig. 9 shows that the calculated P- and
S-wave velocities agree well with the measured values. Moreover, es-
timates from the natural core samples reveal a linkage between relative
changes in velocities and hydrate morphology similar to that for the
synthetic hydrate samples. Compared with synthetic hydrates, the
naturally-occurring hydrates from the Krishna-Godavari Basin pre-
dominantly fill the pore space at hydrate saturations below 50% and
become part of the frame at hydrate saturations above 60%. Small
amounts of hybrid-cementing hydrates are also diagnosed in the sedi-
ments. This may be because gas hydrates grow at the gas-water

Fig. 8. Crossplots of P- and S-wave velocities versus hydrate saturation for four types of hydrate morphologies. Model predictions (solid lines) for velocities are
calculated using the GEMM and the superposed data (green squares) are the experimental data based on pressure core samples measured by Yoneda et al., 2018b.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Fractions of hybrid-cementing, matrix-supporting and pore-filling morphologies estimated from measured elastic-wave velocities using the VFSA for the
pressure core samples at the NGHP-02 area (Yoneda et al., 2018b). From left to right: hydrate saturation, P-wave velocity, S-wave velocity, fraction of hybrid-
cementing hydrates, fraction of matrix-supporting hydrates, and fraction of pore-filling hydrates. The measurements and predictions are marked by red squares and
stars, respectively. (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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interface and then become hydrate grain filling in the pore space
(Kingston et al., 2008). The estimates are consistent with semi-quanti-
tative analyses of the mechanical properties, permeability and acoustic
velocity for the same samples made by Yoneda et al.
(2018a,2018b,2018c) which show that complex morphologies, in-
cluding matrix-supporting, grain-coating and pore-filling types, might
coexist in the Krishna-Godavari Basin.

6. Application to well-log data

6.1. Well-log data from marine and permafrost settings

To compare hydrate saturation and morphology as predicted from
our GEMM with those interpreted from well-log and/or core data, we
choose four drill sites (Fig. 1) from IODP Expedition 311 (Holes
U1326D and U1327E) on the northern Cascadia margin, the Mount
Elbert test well on the Alaska North Slope, and Mallik 5L-38 research
well at Mackenzie Delta in Canada (see Table 2 for summary in-
formation and references). In these areas, gas hydrates have been
confirmed from elevated P-wave velocities and resistivity logs, as well
as from core samples. Of the four sites, the Mount Elbert and Mallik 5L-
38 data sets have the most complete sets of well logs for predicting
hydrate saturation. The conventional wireline logging (CWL) data, such
as P- and S-wave velocities, Gamma Ray (GR) and resistivity logs were
acquired at Hole U1326D and Hole U1327E. Because density logs are
absent at Holes U1326D and U1327E, we used density logs measured at
nearby wells U1326A and U1327D, situated about 20 m away from the
two target wells. Note that the clay content is calculated from GR log
and the porosity is derived from density log rather than assuming they
are constant. The sample-derived hydrate saturation is obtained from
salinity and/or chloride data. At each site, the target intervals for
prediction of hydrate saturation and fractions of multiple morphologies
are situated within the gas hydrate stability zone (GHSZ). The base of
gas hydrate stability (BGHS) in Sites U1326D and U1327E, the Mount
Elbert test well and Mallik 5L-38 are located at ~264 m below seafloor
(mbsf), ~230 mbsf, ~869.6 m and ~1110 m, respectively (Riedel et al.,
2010; Lee and Collett, 2011; Henninges et al., 2005). For simplicity, we
assume that the sediment matrix consists of sand and clay, and gas
hydrates coexist as pore-filling, matrix-supporting and hybrid-ce-
menting morphologies. For variable parameters, the coordination
number and critical porosity are chosen based on the previous studies in
the northern Cascadia margin (Pan et al., 2019d) and Mount Elbert test
well (Pan et al., 2019b), as well as Mallik 5L-38 well (Riedel et al.,
2014). Due to lack of experimental data for calibration of the weighted
cement factor, here we suppose it to be 0.1 for the marine sediments
and 0.2 for the permafrost-related sediments. The relevant free mod-
eling parameters for the calculations at the four sites are summarized in
Table 3.
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Table 3
Variable parameters used for the calculations at the selected four sites.

Site Coordination number Critical
porosity

Weighted cement
factor

U1326D a 4 0.42 0.1
U1327E a 4 0.42 0.1
Mount Elbert b 6 0.36 0.2
Mallik 5L-38 b, c 6 0.38 0.2

a (Pan et al., 2019d).
b (Pan et al., 2019).
c (Riedel et al., 2014).
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6.2. Quantification of hydrate saturation and morphology for marine
hydrate-bearing sediments

6.2.1. IODP expedition 311-hole U1326D
Fig. 10 shows the comparison of interpretations from Site U1326D

with hydrate saturation and fractions of hybrid-cementing, matrix-
supporting and pore-filling morphologies simultaneously predicted
from the measured P- and S-wave velocities, and density logs using the
VFSA method. The hydrate saturation is calculated from chloride
anomalies with a background value of ~585 mM using an equation
proposed by Malinverno et al. (2008). Since the clay content within the
sediments is very high at Site 1326E, a modified Archie's equation (Sava
and Hardage, 2007) is used to calculate hydrate saturation from re-
sistivity. The tortuosity factor, cementation exponent and saturation
exponent are chosen as 1.0, 2.5 and 2.0, respectively (Riedel et al.,
2010a). The clay resistivity is set to be 5 Ωm (Lee and Collett, 2011)
and the formation water resistivity is computed using Arps' equation
(Arps, 1953) with a pore water salinity of standard sea water, 32 ppt, an
assumed seafloor temperature of 3.03 °C and a derived thermal gradient
of 60 °C/km (Riedel et al., 2010a). As we can see, the predictions of
elastic properties (P- and S-wave velocities, and density) from the
GEMM match well with the well-log measurements. The estimated
hydrate saturation is consistent with that calculated from the resistivity
log in the shallow section (< 160 mbsf), while is slightly overestimated
for the intervals between 160 and 250 mbsf compared with those de-
rived from resistivity and chloride data. The latter difference may ori-
ginate from the absence of density log data for this well, poor borehole
conditions (washout) in the deeper section and the different resolutions
between sonic and resistivity logs, as well as the lateral variability in
gas hydrate distribution. Also, the high percentage of bound water in
the clay-rich intervals lowers the resistivity, which leads to the under-
estimation of gas hydrate saturation. The results show that the average
hydrate saturation from 75 to 255 mbsf at U1326 D is 22.13% with a
maximum value of 62.22% at 229.85 mbsf. The average inverted

fractions of hybrid-cementing, matrix-supporting and pore-filling hy-
drates are approximately 7%, 34% and 59%, respectively.

6.2.2. IODP expedition 311-hole U1327E
Well-log data from Site U1327E also provide an example of esti-

mating the hydrate saturation and the fractions of hybrid-cementing,
matrix-supporting and pore-filling hydrates from elastic properties
using the VFSA method (Fig. 11). Here, the hydrate saturation calcu-
lated from chloride anomalies is based on a background value of
386 mM (Riedel et al., 2010a). Similarly, the hydrate saturation cal-
culated from resistivity is based on a modified Archie's equation (Sava
and Hardage, 2007) with a tortuosity factor of 1.0, a cementation ex-
ponent of 2.2 and a saturation exponent of 2.0 (Riedel et al., 2010a). In
addition, the formation water resistivity is computed using Arps'
equation (Arps, 1953) with a pore water salinity of 24 ppt, an assumed
seafloor temperature of 2.95 °C and a derived thermal gradient of
61 °C/km (Riedel et al., 2010a). Results in Fig. 11 show an average
hydrate saturation of 7.61% from 150 to 230 mbsf with a maximum
value of 40% at 163.82 mbsf. The estimated hydrate saturation is
comparable to those from chloride data and resistivity log. The small
discrepancy between predicted and referenced values is most likely
caused by the absence of density log data, the high clay content, the
anisotropic distribution of gas hydrates and the different vertical re-
solutions for sonic and resistivity logs, as well as degraded borehole
conditions. The average inverted fractions of hybrid-cementing, matrix-
supporting and pore-filling hydrates are approximately 8%, 32% and
60%, respectively.

6.3. Quantification of hydrate saturation and morphology for terrestrial
hydrate-bearing sediments

6.3.1. Mount Elbert test well, Alaska North Slope
We also examine the effectiveness of the GEMM in permafrost-re-

lated sediments over a variety of porosities and clay contents at Mount

Fig. 10. Inversion results at Site U1326D. From left to right: P-wave velocity, S-wave velocity, density, hydrate saturation, the fractions of hybrid-cementing, matrix-
supporting, and pore-filling hydrates. Measured data are in red, predictions with developed model in blue. The hydrate saturation predicted from the GEMM is in blue
(Sgh-Cal) and the calculation of hydrate saturation from Rt log is in red (Sgh-Rt). The yellow dots denote the hydrate saturation calculated from chloride data (Sgh-
Chloride). All saturations and fractions of hydrate morphologies are smoothed using a 9-point running average. (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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Elbert test well site. Fig. 12 shows hydrate saturation and fractions of
hydrate morphologies estimated from the P- and S-wave velocities and
density logs for depths between 610 and 670 m using the VFSA method.
The referenced hydrate saturations are calculated from nuclear

magnetic resonance (NMR) log, and analyzed from salinity data and
chloride anomalies, respectively. The predicted hydrate saturation
varies from 0% to 89% and is comparable to those from the salinity data
and the chloride data at the whole intervals and consistent with that

Fig. 11. Inversion results at Site U1327E. From left to right: P-wave and S-wave velocities, density, hydrate saturation, the fractions of hybrid-cementing, matrix-
supporting, and pore-filling hydrates. Other legends and symbols are the same as in Fig. 10. All saturations and fractions of hydrate morphologies are smoothed using
a 9-point running average.

Fig. 12. Inversion results for the Mount Elbert test well. From left to right: P-wave velocity, S-wave velocity, density, hydrate saturation, the fractions of hybrid-
cementing, matrix-supporting and pore-filling hydrates. The predication of hydrate saturation from the GEMM is in blue (Sgh-Cal) and the calculation of hydrate
saturation from NMR log is in red (Sgh-NMR). The orange dots and the yellow dots denote the hydrate saturation from the salinity (Sgh-Salinity) and chloride (Sgh-
Chloride) data, respectively. All saturations and fractions of hydrate morphologies are smoothed using a 5-point running average. (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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calculated from the NMR log in the intervals 614–630 m and
649–670.5 m. The inverted average fractions of hybrid-cementing,
matrix-supporting and pore-filling hydrates are approximately 10%,
55% and 35%, respectively. This result suggests that hydrates mainly
occur as a matrix-supporting form in sand-dominated intervals,
whereas they occur as a pore-filling form in the clay-rich intervals.

6.3.2. Mallik 5L-38, Mackenzie Delta
Similarly, acoustic and density logs from the Mallik 5L-38 well are

used to estimate three types of hydrate morphological fractions and
hydrate saturation corroborated with those from core data and NMR log
(Fig. 13). The referenced gas hydrate saturation of nonpressurized cores
was determined using the dissociation measurements (Lu et al., 2005).
The hydrate saturation calculated from NMR log was based on the
method proposed by Kleinberg et al. (2005). The predicted hydrate
saturation matches well with those computed from the NMR log, and
from core data in hydrate-rich sections ranging from 891 to 991 m and
1067–1107 m, while there is poor agreement between the GEMM
prediction and the NMR calculation within clay-rich intervals between
1000 and 1060 m. The discrepancy may be the result of the bound
water existing in the clay-rich sediments which weakens the response of
NMR log contributed from the pore space occupied by hydrates (Cook
and Waite, 2018). The discrepancy between estimated hydrate satura-
tion and that from core samples is ascribed to the underestimation of
dissociation measurements from Lu et al. (2005) (Cook and Waite,
2018). The hydrate saturation averages 37.52% with a maximum value
up to 92%. The inverted average fractions of hybrid-cementing, matrix-
supporting and pore-filling hydrates are approximately 10%, 53% and
37%, respectively. It can be clearly observed that hydrates mainly occur
in a pore-filling form at the low hydrate saturation (< 40%) intervals,
but in a matrix-supporting form at the high hydrate saturation (> 40%)
intervals.

7. Discussion

7.1. Comparison of GEMM with EMM and CCT

Compared with EMM and CCT, our GEMM has several advantages:
(1) it overcomes the drawbacks of cementation theory which is in-
dependent of effective pressure and is not appropriate to employ in low-
porosity sediments; (2) it merges CCT and EMM as it reduces to the
EMM when hydrate saturation is zero, and is equivalent to the CCT
when the effective pressure tends to zero (see Fig. 5); (3) it can si-
multaneously account for the impacts of compaction and cementation
on the elastic behaviors of consolidated or unconsolidated sediments;
(4) it is suitable for characterization of four common hydrate
morphologies simultaneously (see Fig. 3) with a common set of mod-
eling parameters (e.g., coordination number and critical porosity, as
well as weighted cement factor). The two variable parameters, n and φc,
can be obtained by fitting the GEMM velocity predictions to the ob-
served P- and S-wave velocities in hydrate-free sediments or calibrated
by the fluid substitution method (Pan et al., 2019). An alternative ap-
proach for determining the coordination number can be found in Terry
and Knapp (2018) and Zhang et al. (2013). The weighted cement factor
Wc, not only controls the deposition schemes of the cement, but also
provides flexibility by allowing the GEMM to account for diverse
combinations of contact-cementing and grain-coating morphologies.
For =W 0.5c , the weights of contact-cementing and grain-coating
morphologies in the GEMM are equal. For >W 0.5c , the GEMM favors
the stiff cement scheme (contact-cementing case) and for <W 0.5c , the
model favors the soft cement scheme (grain-coating case). In this study,
setting the weighted cement factor as a constant value, instead of al-
lowing it to vary, provides reasonable fits between the measured and
predicted velocities, and generates reasonable hydrate saturation esti-
mations. Hence, a lower weighted cement factor of 0.15 ± 0.1 is re-
commended to use for the “excess-water” (natural) conditions and a
moderate value of 0.3 ± 0.1 is recommended for the “excess-gas”

Fig. 13. Inversion results for the Mallik 5L-38 well. From left to right: P-wave velocity, S-wave velocities, density, hydrate saturation, the fractions of hybrid-
cementing, matrix-supporting and pore-filling hydrates. The yellow dots denote the hydrate saturation from core data. The predication of hydrate saturation from the
GEMM is in blue (Sgh-Cal) and the calculation of hydrate saturation from NMR log is in red (Sgh-NMR). All saturations and fractions of hydrate morphologies are
smoothed using a 5-point running average. (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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conditions. Generally, the connectivity associated with the perme-
ability, to some extent, dominates the gas supply and migration path
which affect the gas hydrate occurrence mechanism. Hence, it would be
better to allow for the connectivity between the sediment matrix and
hydrates in the model. However, unlike the SCA-DEM model proposed
by Jackobsen et al. (2000), Chand et al. (2006) and Minshull and Chand
(2009), our model ignores the connectivity due to the usage of modified
Hashin-Shtrikman bounds. Moreover, the presented model is not sui-
table for the case where gas hydrates are present as matrix-inclusion
and fracture/vein-filling in the sediments. Hence, future studies will
focus on a more complex rock physics modeling strategy which is sui-
table for simultaneous characterization of six hydrate morphologies as
summarized by Dai et al. (2004). Finally, the validation of GEMM in
Fig. 5 suggests that it can effectively capture the complex occurrence
types and their evolution characteristics during hydrate formation at
“excess-gas” and “excess-water” conditions.

7.2. Comparison of synthetic and pressure-core hydrate-bearing sediments

As shown in Figs. 7 and 9, hydrate morphologies obtained from
inversion of data from laboratory synthetic and natural hydrate-bearing
sediments are completely different. Hydrates formed at the “excess-gas”
condition follow an occurrence mode where they initially accumulate at
grain contacts or evenly coat grain surfaces (< 10% hydrate satura-
tion), and then fill pore space with increasing hydrate saturation
(< 40%). However, hydrates grown at the “excess-water” condition
(e.g. natural environment) quickly occupy the pore space, and in-
creasingly become part of the frame (~60% hydrate saturation).
Overall, there exists a transition of hydrate morphology from hybrid-
cementing to pore-filling or from pore-filling to matrix-supporting, but
there is no clear boundary between these morphologies. Therefore, it is
necessary to conduct extensive laboratory experiments to investigate
the evolution of gas hydrate morphology.

7.3. Comparison of hydrate occurrences in marine and terrestrial sediments

Hydrate saturation and fractional morphologies were predicted for
gas hydrate-bearing sediments in both marine and terrestrial perma-
frost settings. As shown in Figs. 10–13, the calculated P- and S-wave
velocities and density agree well with the measured values and the
predicted hydrate saturations are consistent with those obtained from
core data and/or NMR log, which validates the feasibility and applic-
ability of the GEMM.

Table 4 summarizes the statistics of estimated hydrate saturations
and fractions of morphologies at the selected four sites. The maximum/
average hydrate saturations at Hole U1326D and Hole U1327E are
much less than those at Mount Elbert and Mallik 5L-38. This indicates
that large amounts of gas hydrates (commonly 27.90–37.52%, locally
up to 89–92%) are typically present in coarse-grained terrestrial sedi-
ments, whereas small or moderate amounts of gas hydrates (up to
40–62.2% but averaging roughly 7.6–22.13%) are preferentially pre-
sent in fine-grained marine sediments. Gas hydrates in marine sedi-
ments predominantly occur as a pore-filling form (averaging about
59%), whereas in terrestrial sediments they exist mainly as a matrix-
supporting form (averaging about 54%). Moreover, it is found that the
hybrid-cementing hydrate saturation in terrestrial sediments is higher

than that in marine sediments. Furthermore, the hybrid-cementing
hydrates are more likely to be occurred at the deep section of GHSZ
instead of the shallow section as shown in Figs. 10–13, especially for the
marine environments. This is most likely associated with well perme-
able migration pathway and adequate gas supply which is conducive to
form excess-gas systems locally. This finding will be helpful for better
understanding the occurrence mechanism of cementing hydrates in
natural environments.

Overall, the coarse-grained terrestrial sediments may possess high-
saturation matrix-supporting hydrates, whereas the fine-grained marine
sediments may contain low-saturation pore-filling hydrates. In addition,
it is observed that hydrates preferentially occur as hybrid-cementing
morphology in the deeper section of GHSZ with high hydrate satura-
tion.

7.4. Analysis of inversion results

The GEMM-based hydrate saturation results are validated by their
similarity to those calculated from core data and resistivity and/or NMR
logs. However, to strengthen the results, laboratory experiments and
digital rock physics modeling should be carried out on more samples of
synthetic and natural hydrate-bearing sediments to examine gas hy-
drate morphologies. Due to limited input data (P- and S-wave velocities
and density), the developed model can be used to quantify at most four
hydrate morphologies. Hence, other hydrate-morphology-dependent
geophysical properties, such as seismic wave attenuation, resistivity,
shear strength and permeability, should be integrated when evaluating
more complex hydrate morphologies. Our GEMM model not only pro-
vides some insights into the pore-scale occurrence mechanism of gas
hydrates, but also lays a theoretical foundation for laboratory experi-
ments and paves the way for successful quantifications of hydrate sa-
turation and morphology from conventional seismic surveys.

8. Conclusions

In this study, we propose a generalized effective medium model
(GEMM) by utilizing a modified cementation theory based on approx-
imate expressions of the stiffnesses with the newly derived pressure-
dependent normalized contact-cemented radii. Validation of the GEMM
against laboratory data for synthetic methane and THF hydrates sug-
gests that this model not only can account for four types of hydrate
morphologies, such as contact-cementing, grain-coating, matrix-sup-
porting and pore-filling, separately or jointly, but also can capture the
evolution characteristics of hydrate morphology during hydrate for-
mation. Quantification of the fractions of hydrate morphologies for
laboratory synthetic and natural hydrate samples confirms the com-
pletely different patterns of hydrate occurrence in “gas-excess” and
“water-excess” environments. Finally, gas hydrate saturation and frac-
tions of matrix-supporting, pore-filling and hybrid-cementing
morphologies are inverted simultaneously from the sonic and density
logs measured at the northern Cascadia margin, Alaska North Slope,
and Mackenzie Delta. The good agreement between the predicted hy-
drate saturations and those derived from core data and resistivity or
NMR logs demonstrates the broad applicability of our model. Also, our
estimations suggest that gas hydrates preferentially occur as matrix-
supporting morphology in sand-dominated terrestrial sediments,

Table 4
Statistics of estimated hydrate saturations and fractions of possible morphologies at four sites. (max = maximum; avg = average).

Regions Sites Hydrate saturation (max) Hydrate saturation (avg) Hybrid- Cementing (avg) Matrix- Supporting (avg) Pore- filling (avg)

Marine U1326D 62.2% 22.13% 7% 34% 59%
U1327E 40% 7.61% 8% 32% 60%

Terrestrial Mount Elbert 89% 27.90% 10% 55% 35%
Mallik 5L-38 92% 37.52% 10% 53% 37%
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whereas they exhibit pore-filling morphology in clay-rich marine se-
diments. Specifically, cementing hydrates are prone to grow in the
deeper section of GHSZ.
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Nomenclature

a Contact-cementation radius
a0 Initial contact radius
b Classic contact-cementation radius
DN Normal stiffness in the “rigid cement” regime
DT Tangential stiffness in the “rigid cement” regime
Ei Initial error (or energy)
Ej Updated error (or energy)
fc Fraction of the cementing hydrates
fh Fraction of matrix-supporting hydrates in the matrix
fms Fraction of matrix-supporting hydrates
fpf Fraction of pore-filling hydrates
Gcct Effective shear modulus at the critical porosity
Gdry Shear modulus of dry rock
Gh Shear modulus of gas hydrates
Gma Shear modulus of the matrix
Gs Shear modulus of sand
Gsat Shear modulus of saturated rock

Gsh Shear modulus of shale
i Previous iteration number
j Subsequent iteration number
k Intermediate iteration number
Kcct Effective bulk modulus at the critical porosity
Kdry Bulk modulus of dry rock
Kfl Bulk modulus of pore fluid
Kh Bulk modulus of gas hydrates
Kma Bulk modulus of the matrix
Kw Bulk modulus of water
Ks Bulk modulus of sand
Ksat Bulk modulus of saturated rock
Ksh Bulk modulus of clay
mi Initial model
mj Updated model
n Coordination number
NT Total number of iterations
p Accepted probability
Peff Effective pressure
R Spherical grain radius
Sc Hybrid-cementing hydrate saturation
Sgh Total hydrate saturation
SN Normal stiffness
ST Tangential stiffness
T0 Initial temperature
Tk Temperature at the kth iteration
ui A random number varying between 0 and 1
Vp

obs Observed P-wave velocity
Vp

cal Calculated P-wave velocity
Vs

obs Observed S-wave velocity
Vs

cal Calculated S-wave velocity
Vsh Clay (or shale) content
Wc Weighted cement factor
yi The perturbation term
α Pressure-dependent contact-cementation radius
α0 Initial normalized contact radius
β Classic normalized cement radii
λ A parameter used to control the temperature schedule
φ Sediment porosity
φe The reduced porosity due to the presence of matrix-sup-

porting hydrates
φc Critical porosity
φeff Effective porosity
νma Poisson's ratio of the matrix
νh Poisson's ratio of the hydrates
ρb

obs Observed bulk density
ρb

cal Calculated bulk density
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