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In 2017 and 2020, China successfully performed two hydrate production tests near Sites GMGS3-W17
and GMGS6-SH2 in the northern South China Sea. Two tests revealed that large amounts of free gas are
enriched below the bottom simulating reflection (BSR). However, hydrate saturations at this depth
derived from chlorinity data and a pressure core range from 27% to 41%. Well log data in this interval are
characterized by low P-wave velocity and high resistivity. Therefore, resistivity-derived hydrate satu-
rations are much higher than P-wave velocity-derived values. This discrepancy occurs because free gas
would induce a sharp decrease in P-wave velocity. Currently, the gas—water mixing model is commonly
employed to resolve this discrepancy. To improve accuracy, we develop a novel rock physics model of

Edited by Meng-Jiao Zhou

Keywords: multiphase mixing coexistence including solid phase, hydrate-gas phase, and gas-water phase. The
Gas hydrate model is applicable to both isotropic and anisotropic hydrate reservoirs. To validate its accuracy, the
Free gas model and well log data are utilized to predict saturations at six sites worldwide where hydrates and
Coexisting free gas coexist. The predicted hydrate and gas saturations are consistent with those derived from

Rock physics model

. - pressure cores and chlorinity data. This suggests that the model can be robustly used for quantitative
Multiphase mixing

characterization of hydrate when coexisting with free gas. Therefore, our model will provide an accurate

method for the resource predictions of hydrate and free gas in such coexisting sediments, especially

those below the conventional BSR. It will also facilitate the understanding of the fluid distributions in

such a complex three-phase coexistence system in nature.

© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction (Singh et al., 1993). The slI-BHSZ is occasionally accompanied by

the sII-BSR (Tréhu et al., 2003), and is deeper due to the heavier

In nature, three different structures of hydrates, namely
structures I, II (s], sll, Kvenvolden, 1993) and H (sH, Lu et al., 2007),
have been identified. These structures are composed of different
hydrocarbon gases, inducing the complexity of the hydrate sys-
tems (Sloan and Koh, 2008). In the marine environments, the
bottom simulating reflection (BSR/sI-BSR) corresponds approxi-
mately to the base of sI methane hydrate stability zone (sI-BHSZ)
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hydrocarbons (Lu et al., 2007). The deep slI hydrates will not only
increase the current predicted hydrate resources, but also provide
a buffer for hydrocarbon expulsion (Klapp et al., 2010). Further-
more, hydrates can coexist with free gas in such a complex system
(Tréhu et al., 2003).

There have been multiple reports worldwide regarding the
coexistence of hydrate and free gas (Fig. 1). At Site 892 along
Central Oregon Margin, the theoretical depth of I-BHSZ is deeper
than the depth of [-BSR (Whiticar et al., 1995). Well logs indicate
that free gas is present between I-BHSZ and I-BSR (Westbrook et
al., 1994). In the Blake Ridge, the measured bulk modulus at Site
995 (Guerin et al., 1999) indicates that hydrates even occur below
the I-BSR, and thus coexist with free gas. The coexistence can also
be observed above the I-BSR at Sites 1249 (Milkov et al., 2004) and
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Fig. 1. Location map showing reported coexistence of hydrate and free gas (yellow circles).

C0002 (Miyakawa et al., 2014) in the Hydrate Ridge and the Nankai
Trough, respectively. Geochemical analyses have also revealed the
coexistence of sl and sl hydrates above the I-BHSZ in Lake Baikal
(Kida et al., 2006), the Gulf of Mexico (Klapp et al., 2010) and the
South China Sea (Wei et al., 2018). This demonstrates that biogenic
and thermogenic gases can form hydrates simultaneously. At Site
U1328, the presence of sII hydrates and the associated free gas at
and below the BSR is revealed from the elevated concentrations of
higher order hydrocarbons in the cores (Expedition 311 Scientists
et al.,, 2006a). This coexistence has been further confirmed from
the cores (Paganoni et al., 2016) and two hydrate production tests
(Li et al., 2018; Ye et al., 2020) in the South China Sea.

Low P-wave velocity, slightly high S-wave velocity, and high
resistivity (Guerin et al., 1999; Paganoni et al., 2016) are significant
characteristics of the sediments where hydrates coexist with free
gas. They are similar to those of gas-bearing sediments, but oc-
casionally exhibit relatively high P-wave velocity (Qian et al,
2018). The saturations calculated from velocity well logs are
inconsistent with those from resistivity well logs (Lee and Collett,
2006). This discrepancy affects the accurate calculation of hydrate
and free gas resources. At Site 995, hydrate saturations below the I-
BSR were calculated using the cementation theory and the fluid
Reuss average at a constant gas saturation of 1% (Guerin et al.,
1999). The calculated hydrate saturations are close to that
derived from a pressure core. At Sites 1244, 1245, and 1247, hy-
drate and gas saturations were derived from S- and P-wave ve-
locity logs, respectively. The saturations demonstrate that
hydrates coexist with free gas within the HSZ (Lee and Collett,
2006). Above the BSR at Site C0002, hydrate saturations derived
from resistivity log are generally higher than those derived from P-
wave velocity logs (Miyakawa et al., 2014). In the presence of free
gas, P-wave velocity-calculated saturations are underestimated,
whereas resistivity-calculated saturations represent the sum of
gas and hydrate. To understand the elastic wave attenuation
mechanism of fluid inclusions in pore-filling hydrate, Marin-
Moreno et al. (2017) developed a hydrate-bearing effective
model. The simplified three phase equation (STPE) (Qian et al,,
2018) and this effective model (Qin et al., 2020) were respec-
tively applied to predict hydrate and gas saturations at Sites
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GMGS3-W17 and GMGS6-SH2, offshore China. Most of the above
calculations directly use Reuss average of gas and water (Lee and
Collett, 2006; He et al., 2025) to model the coexistence of gas
and hydrate. However, the hydrate samples in the Cascadia margin
have a globular fabric with cavities created by gas bubbles, and
hydrates precipitate only on the surface of the cavities, namely the
gas-water interface (Bohrmann et al., 1998). Similar structures of a
hydrate film enveloping gas have recently been discovered in
laboratory experiments (Sahoo et al., 2018).

The previous discrepancy between hydrate saturations derived
from velocity and resistivity logs could be attributed to the factors
such as clay/fracture-induced anisotropy, hydrates heterogeneity,
and specific geological conditions (Pecher et al., 2003; Kumar et
al., 2006; Lee and Collett, 2011; Jana et al., 2015). In this paper,
the coexistence of hydrate and free gas can also lead to such a
discrepancy. Therefore, to overcome this discrepancy, a new
model is required to solve the direct contact between hydrate and
gas. Here, we present a novel rock physics model for multiphase
mixing in marine hydrate and free gas-coexisting sediments. The
effective medium theory (EMT) is employed to develop a direct
contact phase between hydrate and gas. The model assumes that
the sediments consist of three components including solid phase,
hydrate-gas phase, and gas-water phase (Fig. 2). The model is
validated using well logs from several regions around the world
that contain coexistence interval of hydrate and gas. The calcu-
lated saturations are consistent with those derived from chlo-
rinity data and pressure cores. Our model will provide an accurate
method for the resource predictions of hydrate and free gas in
such coexisting sediments, especially those below the conven-
tional BSR.

2. Coexistence model of hydrate-gas-water (CMHGW)

Core and resistivity imaging data show that both fracture-
filling (Paganoni et al., 2016) and pore-filling hydrates (Yang et
al., 2017) can coexist with free gas in nature, possibly dominated
by a hydrate film enveloping gas (Bohrmann et al., 1998; Sahoo et
al., 2018). Hydrate-bearing sediments with fracture- and pore-
filling exhibit significantly different elastic (Lee and Collett,
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Fig. 2. Schematic diagrams and calculation flow for the coexistence model of hydrate-gas-water (CMHGW).

2009) and electrical properties (Cook et al., 2010). Based on the
three-phases assumption that the sediments consist of solid phase
(Fig. 2(a)), hydrate-gas phase (Fig. 2(b)), and gas—-water phase (Fig.
2(c)), we develop isotropic (Fig. 2(d)) and anisotropic (Fig. 2(e))
models for the hydrate and free gas-coexisting sediments
respectively. When the gas saturation is 0, our isotropic model is
equivalent to the traditional STPE for pore-filling hydrate. In the
model, a smaller value of the weakening parameter ¢ indicates a
greater consolidation effect of hydrates on sediments (Lee and
Collett, 2009). Therefore, as the parameter ¢ increases, the hy-
drate morphology will gradually transition from the grain-coating
and cementing modes to load-bearing and fluid-filling modes. The
parameter ¢ used in the model is closer to the load-bearing model
in the EMT (Ecker et al., 1998, 2000; Dai et al., 2004; Qian et al.,
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2014, 2017). Our anisotropic model with a gas saturation of 0 is
equivalent to the traditional two-layer model for fracture-filling
hydrate.

2.1. Velocity model

In general, hydrates increase the sediment velocity, while free
gas decreases the velocity (Lee and Collett, 2006; Liu et al., 2023;
Zhu et al., 2024), providing the basis for simultaneously deter-
mining their saturations using velocity log data. In the velocity
model, the hydrate-gas phase is described from the EMT (Dvorkin
et al., 1999b). The STPE (Lee, 2008) is applied to combine the
different phases including solid, hydrate—-gas, and gas—water.
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2.1.1. Isotropic velocity model

In the isotropic velocity model (Fig. 2(d)), the hydrate-gas
phase is assumed to be uniformly distributed (Fig. 2(b)). Its bulk
(Kng) and shear (ung) moduli are calculated using the Gassmann
equation:

¢g—thh—dry - (1 + ¢g7hg)KgKh7dry/Kh + Kg

Petroleum Science 23 (2026) 5400-5417

The moduli Ksar and psat of the sediments (Fig. 2(d)) are calcu-
lated from Eq. (4) using the moduli K¢ of hydrate-gas phase (Fig.
2(b)) and the moduli Kwg of the gas—water phase (Fig. 2(c)).

Ksat = Ks(1 - 1) + B3K1,

Hsar = Hs(1 = f2);

Khg = Ky : (1) (B1—¢)  Pwg  Png o
(1 - ¢g—hg)Kg + dg-ngkn — KgKh—dw/Kh Ki= |+ Kug ' Krg |
g
= Uh_drv. 4
Hhg = Hh—dry 5 7¢1(1+a)ﬂ (M 4y 1+42a (4)
1= P2 — s = )
where the subscripts h and g refer to hydrate and gas, respectively. 1+ agy 1+ yagpq 1+a
¢g-ng is gas porosity in the hydrate-gas phase. Kn, Kn_dry and gn_dry _ —(1_¢ _
are the bulk moduli, the effective bulk and effective shear moduli P1 = Pwg + efng: g (1 Sh Sg*hg>¢’ and
of hydrate, respectively. Kg is the bulk moduli of gas. Kn_qry and _ .
Hh_dry are computed from Eq. (2) (Dvorkin et al., 1999b): Png = (Sh + Sg*hg)gb'
- -1
K ¢g7hg/¢c +1 - ‘/’gfhg/fﬁc 4
h—dry = — 2HHM>
Yo Kam + 3 K+ 3mm 3
- -1
¢g—hg/¢c 1- ¢g—hg/¢c uum (9Kum + 8upm .
Hh—dry = Ky +8 9K +8 "6 \ Kuw +2umm /) Pg-hg <dci
[rm + (—KJLMMW) o (41@%2;5;?)
i o (2)
p (Febe =) /A=) (1-d5ng)/1-d0| 4
h—dry = — 2HHM>
v Sinm Kiim + unm 3
- 1 -1
(‘i’g—hg - ¢c)/(1 —éc) (1 - ¢g—hg)/(] = ¢e) uam [ OKum + 8upm .
Hh—dry = + 76 \ o + 20 ) g _hg = dci
#am [ OKnm+8pum 4 Hum 9Kum+8pim HM + 2HUHM
i 6 \ Kum+2upm HHM 76\ Km 2 ) |

where ¢, with a value range of 0.36 to 0.40, represents the critical
porosity. The moduli Kyym, ugm and effective pressure P are
computed from Eq. (3):
1/3
p} ,

303 (1 — )’ up?
2n2(1 — )2

_ [ - 90?un?
1872(1 — v)?

o 5—4l/h (3)

52 —up)

P= (l - (l’g—hg) (/)h - pg)gh;

HHM

1/3
P} ;

where n; is the contact number per hydrate taken as 8 to 9; v, and
un are the Poisson's ratio and shear modulus of hydrate, respec-
tively; h is the meters below seafloor; g is gravity acceleration; pg
and py, are the densities of gas and hydrate, respectively.
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where the subscripts s and w refer to solid grain and water; ¢
is the total porosity. Sp and Sgng are hydrate and gas satura-
tions of hydrate-gas phase, respectively. When Sg_pg is equal to
zero, CMHGW is the same as the conventional mixture model
of gas and water (Dvorkin et al., 1999a). The moduli K and us
of solid phase are calculated from Hill's average of each mineral
component. Kyg is the bulk modulus of the gas-water phase,
and two cases of uniform and patchy distributions of gas are
considered respectively (Dvorkin et al., 1999a). ¢ is the weak-
ening parameter. « is the consolidation parameter of the sedi-
ments and is defined as

(5)

where d; represents different depths of the well log data.
ag and ny are derived from fitting the velocity in the hydrate-
free sediments.

The final sediment velocities are calculated from Eq. (6):

aj ~ ag(do/d;)"™
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4
VP = \/(Ksat +§ﬂsat) /ﬂb»

Vs = V/Hsat/Pb; (6)
P = ps(1 = @) + pwdpSw + pndSh + pgdSe,

Sg = Sg-hg *+ Sg-we;

where p,, and Sy, are the density and saturation of water, respec-
tively; ps is the density of the solid grain. Gas saturation Sy consists
of gas in both hydrate-gas and gas-water phases.

2.1.2. Anisotropic velocity model

The hydrate-bearing sediments of fracture-filling without
free gas can be equivalent to the periodic two-layered media
(Lee and Collett, 2009). In the presence of free gas, the first
layer is the fracture filled with hydrate-gas phase (Fig. 2(e)),
and its elastic moduli (Knhg and ung) can be given by Egs. (1)-(3).
The second layer is the phase filled with gas—water saturated
sediments (Fig. 2(e)), and its elastic moduli (Kswg and uswg) can
be calculated from Eq. (4) by setting ¢ng to zero. Here we
consider only two cases of horizontal and vertical fractures, as
the continuous information on the fracture dips are not avail-
able in the well log data. In the case of horizontal fractures, a
vertically symmetric, transversely isotropic (VTI) medium can
be used as the model to describe the elastic stiffness matrix of
the sediments (Riiger, 1997). The elastic constants Cqj, C33, Ci3,
C44, and Cgg of the stiffness matrix can be calculated using the
elastic moduli K and p of the two layers and Backus average
(Backus, 1962) as follows:

M=K+4u/3,

= ((1-5) +

1

M

X

9-G)
1 (7)

=) ()

@)

Cedl = (),

where the brackets (-) represent the volumetric weighted averages
of the properties. The elastic velocities in the VTI media (Mavko et
al., 2009) can be written as

. 12
Vil o [ C33 €0S2 0+ Cyq sin® 0+ Caq + /M(0) /
Ve (0) = 2 ;
Cy3 €082 6+ Cyy sin? 0.+ C M@y
YT gy _ ((C33.€OS” 0+ Ciy Sin” 0+ Caq — 9
sv (0) 2 ;
172 (8)
Vil o [ Ces SIn? 0+ Cyy cOS? 6 /
VSH (9) - P) )

2 .2 12
M(6) = [(C337C44)cos 0 — (Cy1 — Cag)sin 9] +

(C44 -+ C]3)2 SiI‘l2 29,
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where p can be calculated using the density in Eq. (6). Here we use
a right-hand rectangular Cartesian coordinate (x, X2, x3). In this
system, the x3-axis is oriented vertically upward, and the x;-axis is
directed horizontally to the right. During the well logging, the
measured velocity propagates along the direction of the vertical
borehole, and 4 can be considered as the angle between the rotated
new x3-axis and the direction of the vertical borehole. These two
directions are coincident in the VTI media, so the velocity VVT(0°)
in Eq. (8) is the velocity perpendicular to the horizontal fractures
measured in the borehole. Since there are both vertically (Vsy) and
horizontally (Vsy) polarized directions in the S-wave, Vsy in Eq. (8)
is taken as the calculated S-wave velocity assuming that the
fracture plane is parallel to the motion of S-wave in the well log-
ging (Lee and Collett, 2009).

In the case of vertical fractures, a horizontally symmetric,
transversely isotropic (HTI) medium can be used as the model to
describe the elastic stiffness matrix (Riiger, 1997). The elastic
stiffness matrix of HTI media can be obtained by rotating that of
VTI media in Eq. (7) by the Bond method (Auld, 1990), which is
expressed as follows:

M=K+ 4u/3,
1\
wn _ /1
-Gy
HTI H 1\ 2u\*
o =)+ (w) (- 4)
9)
cin_ /1 - 12k
13 M M/
-t
CHTI _ <_ 7
66 u
Cit' = ().

The elastic velocities in the HTI media (Mavko et al., 2009) are
written as

The velocity VHT(0°) in Eq. (10) is the velocity parallel to the
vertical fractures measured in the borehole. Vy, is also used for HTI
media.

2.1.3. Velocity model test

Fig. 3(a)-(c) show elastic velocities calculated with the
CMGHW. The calculation parameters for water saturation, depth,
porosity and clay content are 0.5, 269 m below seafloor (mbsf), 0.5
and 0.75, respectively. The other parameters are taken from Site
GMGS6-SH2 in Table 1. In Fig. 3, the green lines represent that the
model only has the hydrate-gas phase, while the gas saturation in
the gas-water phase is set to 0. The red and blue lines represent
that the model only has gas—water phase, while the gas saturation
in hydrate-gas phase is set to 0. The results show that with the
increase of gas saturation, the elastic velocities generally decrease,
although the velocities vary significantly between different
models (Fig. 3). For the isotropic case, when the gas saturation is
less than 25%, the P-wave velocity of the hydrate-gas model lies
between those of patchy and uniform gas-water model. When the
gas saturation exceeds 25%, the P-wave velocity of the hydrate-gas
model is greater than the two velocities of gas-water model. The S-
wave velocity of hydrate—gas model is always greater than that of
gas-water model (Fig. 3(a)). For the anisotropic velocities vertical
to the fracture, when the gas saturation is less than 5%, the P-wave
velocity of hydrate—gas model lies between those of patchy and
uniform gas-water model. When the gas saturation exceeds 5%,
the P-wave velocity of hydrate—gas model is obviously lower than
two velocities of gas-water model. However, the S-wave velocity
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1/2

)

1/2

2
Tl C11 Sil’l2 6+ Cs33 cos? 0+ Cog + \/(C“ Sil’l2 0+ Cs3 cos2 9 + CGG) — 4A(0)
Ve (6) = 2
.2 2 .2 2 2
- Cq1 sin“ 6 + C33 cos“ 6 + Cgg — (C11 sin“ 6 + C33 cos® 6 + C56) —4A(0)
Vsv (0) = 2
1/2
utl o [ Cos Sin? 0+ Caq cos2 0 /
Vsu (0) = ) ;

A(0) =

of hydrate-gas model is consistently lower than that of gas-water
model (Fig. 3(b)). For the anisotropic velocities parallel to the
fracture, the elastic velocities of hydrate-gas model are mostly
lower than those of gas—-water model (Fig. 3(c)). The above analysis
indicates that hydrate-gas phase complicates the velocity model.

2.2. Resistivity model

In the resistivity model, it is assumed that both hydrate and gas
have the same effect on the calculation of water saturation (Sy)
because of their insulating properties. Therefore, within the
coexisting layer, the resistivity-derived saturation using the Archie
equation actually represents the total saturation of hydrate and
gas (Collett and Ladd, 2000). Although resistivity saturation does
not differentiate hydrate from gas, it can constrain the total satu-
ration calculated from velocity data. We refer to gas (Sg_ng + Sg-wg)
and hydrate (Sp) saturation as a total saturation (Sg) and define it
as

Stal (h, g—hg and g—wg) =5n + nghg +Sg-wg =Sh +Sg =1—5Sw.
(11)

2.2.1. Isotropic resistivity model

In the isotropic resistivity model, the Archie equation (Archie,
1942) is also used to calculate the saturation of sediments that
contain both hydrate and gas. The theoretical resistivity of the
sediment (Ry) is calculated using the water saturation (Sy,) and the
resistivity of water-saturated sediments (Rp):

Ro

Rt :%7

Ro = FRw, (12)
a

F:¢)—m,

where a, m and n3 are empirical parameters. The range of
parameter n3 is between 1.72 and 2.17. The Arp's formula (Arps,
1953) is used to calculate the water resistivity (Ry) at a tempera-
ture of T degree Celsius.

2.2.2. Anisotropic resistivity model

The anisotropic resistivity model uses the same two-layered
media as the anisotropic velocity model in Fig. 2. In the fracture
model, the resistivity perpendicular (R, ) and parallel (R)) to the
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)

(C“ sin® @ + Cgg OS> 9) (Ces sin® @ + C33 cos? 9) — (Cy3 + Cgg)? sin® 0 cos? 6.

fractures respectively reflect the resistivity of the laminated
fracture in series and in parallel (Kennedy and Herrick, 2004;
Lee and Collett, 2009; Cook et al, 2010). They can be
expressed as follows:

1

R, = R
I my my "W
V]¢] +V27¢2
aq a;
™ 2 13
LY (13)
R —_ % az
1

('le {/)gnz RW7
a; )\ az
where V3, ¢, aj, my, Vo, ¢2, az, and m; are the volume, porosity and
Archie parameters of two layers, respectively. The Archie param-
eters a; and my for the fractures filled with hydrate-gas phase are 1
and 2, respectively. The Archie parameters a; and m; are obtained
from the resistivity of the hydrate- and gas-free sediments (Lee
and Collett, 2009). In the vertical borehole, the well logs mea-
sure the horizontal resistivity. For the VTI media, the tensor re-

sistivity Ri"'(6) and horizontal component RY]'(0°) are written as:

c 0 —s][R 0O O c 0 s
RM@®=]10 1 0|0 R O 0 1 0],
s 0 ¢ 0 0 R -s 0 ¢
VIl s . (14)
R (0°) =Ry,
C = Cos 6,
s =sin @,

when the formation is tilted by counterclockwise rotation along
the x,-axis. The parameter ¢ is also the angle between the rotated
new x3-axis and the direction of the vertical borehole. For the HTI
media, the tensor resistivity RE‘TI(Q) and horizontal component

RHT(0°) are written as:

c 0 —s][R. O O c 0 s
RiM@)=]0 1 0||0 R O0|l0 1 0},

s 0 ¢ 0 0 RH -s 0 ¢
HTI (15)
Ry1(0°) =Ry,
€ =Cosé,
s=sine.
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Fig. 3. Elastic velocities and resistivities calculated with the CMHGW. HG: hydrate-gas model; WG: water-gas model; U: uniformly distributed gas; P: patchily distributed gas.

Table 1
Calculation parameters. SSCS: southern South China Sea.
Expedition Site EMT STPE Archie equation Geotherm
e n ao do ny e a a; ay m m my ns Tst, °C Ggeor °C/km
GMGS6 SH2 0.38 8 58 71 0.82 0.30 1.01 — — 2.55 — — 1.72 4.78 443
ODP 164 995 0.38 8 55 151 0.65 0.12 1.10 — — 2.70 — — 1.94 3.00 38.5
I0DP 314 C0002 0.38 8 220 70 1.35 0.12 0.53 — — 3.40 — — 1.72 241 39.0
SSCS DC_E 0.38 8 65 66 0.33 — — 1 0.87 2.35 2 2.35 — 4.60 63.0
ODP 204 1250 0.38 8 110 73 0.60 — — 1 1.13 2.20 2 2.20 — 3.99 58.0
I0DP 311 U1328 0.38 8 110 75 0.60 — — 1 3.68 0.50 2 0.50 — 3.50 54.0

2.2.3. Resistivity model test

Fig. 3(d) shows resistivities calculated using the CMGHW. The
calculation parameters are consistent with the above velocity
model. In Fig. 3(d), the green line represents the isotropic case,
while the red and blue lines represent the cases vertical to and
parallel to the fractures, respectively. In Fig. 3(d), the water satu-
ration remains constant, and the hydrate saturation decreases as
the gas saturation increases. However, since both hydrates and free
gas are insulators, it can be observed that the resistivities in each
case remain unchanged as the gas saturation increases.
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Nevertheless, the resistivities parallel to fractures are much higher
than those vertical to fractures and those in the isotropic case.

2.3. Calculation flow

Four sets of well logs are used to calculate hydrate and gas
saturations, including resistivity, P- and S-wave velocities, and
density (Figs. 4-9). Density is used to derive porosity and correct
the difference between water and hydrate. The grain density is
2.65 g/cc at Sites GMGS6-SH2, C0002 and DC_E, 2.70 g/cm? at Sites



J. Qian, X.-J. Wang, Z. Liu et al.

995 and 1250 (Shipboard Scientific Party, 1996, 2003), and 2.75 g/
cm? at Site1328 (Expedition 311 Scientists, 2006b). Due to the
large density variation in the gas-bearing interval, density log data
are not reliable for calculating an accurate porosity of the coexis-
tence interval. Therefore, a linear or quadratic polynomial rela-
tionship between the density porosity and depth is used to fit the
formation porosity (Figs. 4(b), 5(b), 6(b), 7(b), 8(b), 9(b)). Assuming
that the gamma ray values of the shale-free zone and the shale
beds are 10 API and 120 API respectively (Lee and Collett, 2009),
the clay contents are obtained through the gamma ray measure-
ments (Shipboard Scientific Party, 1996; Expedition 314 Scientists,
2009; Paganoni et al., 2016; Ye et al., 2020). From the clay content
and porosity, the elastic modulus and densities of the solid phase,
hydrate—gas phase, and gas-water phase are calculated using Hill's
average, EMT and fluid models (Fig. 2(a)-(c)). Velocities, re-
sistivities and densities of different saturations in isotropic and
anisotropic media are then calculated in conjunction with the
STPE, Backus average and resistivity model. The calculated values
can be compared with actual logging measurements and the error
is expressed by Eq. (16):
)2

where the superscripts m and cal refer to the actual measured
value and the theoretical calculated value respectively. In the
calculation, it is assumed that the saturations with the smallest
error are the optimal solution. The density well logs are also used
to verify gas saturation at Sites GMGS6-SH2, 1250, and U1328. In
gas-bearing sediments, the measured density values tend to
decrease, thereby providing a basis for deriving gas saturation
using density. In hydrate-gas coexisting sediments, the density
consists of solid grains, hydrates, gas and water, as shown in the
density expression in Eq. (6). Assuming the same density for hy-
drate and water, their average p,,;, is used to rewrite Eq. (6):

4

erTormin = Y (u{“ —ufdl
i=0

(16)

pb=ps(1 =) +pund (1 - Sg) + pgdSg. (17)
The density-derived gas saturation can be written as:
Sg:ps(l _¢)+Z)Wh¢_pb (18)

(ﬁwh - pg)¢’

In Eq. (18), ¢ is obtained by fitting the background porosities of the
water-saturated sediments.

The detailed calculation parameters for each site are shown in
Table 1. They ensure that the calculation process is perturbed near
the background values and improve the accuracy of saturations.
The critical porosity ¢. and the average number of contacts per
grain n (Helgerud et al., 1999) are set to be 0.38 and 8, respectively.
The parameter dy is the initial depth of the well logs. The consol-
idation parameter «g, exponent 1y, weakening parameter ¢ can be
estimated using velocities of water-saturated sediments (Lee,
2006). The weakening parameter ¢ is usually recommended to
be 0.12 for hydrate-bearing sediments (Lee, 2008). However, if the
parameter ¢ of 0.12 is used at Site GMGS6-SH2, the predicted hy-
drate saturations are significantly lower than those estimated from
the chlorinity. Therefore, we used the value of ¢ as 0.3. In the re-
sistivity model, the Archie constants a and m are equal to a; and m;
respectively. They can be derived by a crossplot of 1g(Ro/R\ ) against
Ig(¢) of the hydrate- and gas-free sediments, in which the inter-
cept and slope of the curve are Ig(a) and m, respectively. The pa-
rameters a; and my are set to be 1 and 2 respectively (Lee and
Collett, 2012). The seafloor temperature and geothermal gradient
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of each site are respectively cited from the literatures (Guerin et al.,
1999; Shipboard Scientific Party, 2003; Expedition 311 Scientists,
2006b; Miyakawa et al., 2014; Paganoni et al., 2016; Qian et al.,
2018). The elastic constants of minerals and fluid components
are from Lee and Collett (2006).

3. Results

The resistivity image and core data show that the hydrate
morphology is pore-filling at Sites GMGS6-SH2, ODP 164 Site 995
and IODP 314 Site C0002 (Shipboard Scientific Party, 1996;
Expedition 314 Scientists, 2009; Ye et al., 2020), and is fracture-
filling at Sites DC_E, ODP 204 Site 1250 and IODP 311 Site 1328
(Paganoni et al., 2016; Shipboard Scientific Party, 2003; Expedition
311 Scientists, 2006b). Therefore, the isotropic model of CMHGW is
applied to the Sites GMGS6-SH2, 995 and C0002, and the aniso-
tropic model of CMHGW is applied to the Sites DC_E, 1250 and
1328.

3.1. Coexistence of pore-filling hydrate and gas

3.1.1. Site GMGS6-SH2

Site GMGS6-SH2, approximately 230 m from the GMGS3-W17,
is located within the hydrate production test zone, offshore China
(Qin et al., 2020). The logging data from these two sites are char-
acterized by a two-layer structure (Qian et al., 2018). The two
layers are distinguished by high resistivity, but their velocity and
density characteristics exhibit significant differences. The over-
lying layer is a hydrate layer with high elastic velocity and little
density variation. The underlying layer is a hydrate and gas coex-
isting layer with slightly high S-wave velocity, low P-wave velocity
and low density (Fig. 4(a) and (b)). Using the seafloor temperature
and geothermal gradient of Site GMGS3-W17 (Qian et al., 2018)
and the water depth of 1242 m (Zhan et al., 2022), the I-BHSZ at
Site GMGS6-SH2 is calculated to be 249 mbsf. Therefore, the
depths of the overlying and underlying layers of this site range
from 207 to 249 mbsf and 249 to 282 mbsf, respectively.

Based on the two gas models of uniform distribution and pat-
chy distribution, Fig. 4(c) and (d) shows hydrate saturations (Sp)
and gas saturations (Sg) calculated using CMHGW, respectively. Sq
includes the total volume of gas both enveloped by hydrate (Sg_ng)
and mixed with water (Sg_wg). Sy estimated from chlorinity data
are also plotted in Fig. 4(c). As shown in Fig. 4(c) and (d), the
calculated saturations are consistent with the two-layer structure
of the well logs. The overlying layer can be considered to be a
hydrate layer, as Sg is close to zero (Fig. 4(d)). The calculated Sy, are
the same for the two gas distribution models, with values ranging
from 0 to 55%. In the underlying layer, Sy, at a uniform distribution
of free gas (red line in Fig. 4(c)) are approximately twice as high as
those at a patchy distribution (blue line in Fig. 4(c)). The maximum
S are present around the I-BHSZ, and Sy, tend to decrease with
depth. Sy at a patchy distribution of free gas are much closer to
those derived from the chlorinity data (Fig. 4(c)), with smaller
errors (Fig. 4(d)). On the contrary, Sg at a patchy distribution of free
gas (blue line in Fig. 4(d)) are five times higher than those at a
uniform distribution of free gas (red line in Fig. 4(d)), with
maximum values of 30% and 6%, respectively. Sg at the patchy gas
distribution is much closer to those derived from the measured
density well data (Fig. 4(d)). Therefore, both hydrate and gas sat-
urations indicate that free gas exhibits a patchy distribution within
the hydrate and gas coexisting layer at Site GMGS6-SH2.
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Fig. 4. (a), (b) Well log data at Site GMGS6-SH2 (Qin et al., 2020). The porosities are derived from the densities. The red line in Fig. 4(b) represents the linearly fitted porosity. (c)
Hydrate saturation (Sp). (d) Total gas saturation (Sg) and errors. Green points in Fig. 4(c) are the Sy estimated from chlorinity data. Green line in Fig. 4(d) represents the Sg
calculated from density log data. Two horizontal axes are used to display different types of curves. U: uniformly distributed gas, P: patchily distributed gas.

3.1.2. Site 995

Site 995 penetrates the BSR and the I-BGHSZ at 440 and 520
mbsf respectively. Well log data show that the layer from 200 to
440 mbsf above the BSR is a hydrate layer. High resistivity is a
distinct feature of this layer, while the elastic velocities and den-
sity are relatively stable. Between the two depths of the BSR and
the I-BGHSZ, resistivity rapidly returns to the background value,
while the P-wave velocity slightly decreases. The above two-layer
structure is not well represented in the S-wave velocity and den-
sity (Fig. 5(a) and (b)). However, the saturations derived from the
pressure cores below the BSR (Guerin et al., 1999) confirmed that
hydrate and gas coexist at a depth of 493 mbsf (Fig. 5(c) and (d)).
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Fig. 5(c) and (d) shows Sy and Sg calculated from well log data and
pressure cores. It can be found that Sy above and below the BSR are
generally close in two gas distribution models, and are also consis-
tent with those from pressure cores. Above the BSR, Sy are not
greater than 20% and Sg are close to 0, indicating a hydrate layer.
Below the BSR, most of S, and Sg are below 10% and close to those
derived from pressure cores, indicating that hydrate and gas indeed
coexist within this layer. In Fig. 5(d), S¢ calculated from well logs with
a patchy distribution are much closer to those derived from the
pressure cores. A positive correlation between the density porosities
and the errors can be observed in Fig. 5(c) and (d), indicating that the
quality of the porosity log data affects the saturation accuracy.
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Fig. 5. (a), (b) Well log data in ODP 164 Hole 995B. The porosities are derived from the densities. The red line in Fig. 5(b) represents the linearly fitted porosity. (c) Hydrate
saturation (Sp). (d) Total gas saturation (Sg) and errors. Pink points in Fig. 5(c) and d are S, and Sg derived from pressure cores, respectively (Guerin et al., 1999). Two horizontal

axes are used to display different types of curves.

3.1.3. Site C0002

At Site C0002, core analysis indicated that hydrates are
distributed in porous sand sediments (Moore et al., 2013). Although
S-wave velocity is absent, the two-layer structure described above
is evident in the P-wave velocity and resistivity responses. The BSR
is located at ~400 mbsf with a double BSR and slI hydrates below
(Taladay and Moore, 2015). In the overlying hydrate layer from
218.1 to 400.4 mbsf (Expedition 314 Scientists, 2009), the P-wave
velocities and resistivities are high, and the densities increase
slowly with local sharp decreases (Fig. 6(a) and (b)). Hydrates
coexist with gas at several depths above the BSR from 309 to 321
mbsf (Miyakawa et al., 2014). The underlying potential gas layer
between 481.6 and 547.1 mbsf exhibits a decrease in P-wave ve-
locities and densities, and relatively high resistivities.
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Fig. 6(c) and (d) shows the calculated S, and Sg. The Sy, derived
from the chlorinity data in Holes C0002B, 2D, 2], 2K, 2L (Moore et
al., 2013) are also plotted in Fig. 6(c). The saturations show that Sy,
below the BSR are relatively close for the two different gas models,
but S below the BSR in patchy model exceed those in uniform
model. In addition to the layer from 309 to 321 mbsf, P-wave ve-
locities and densities decrease above the BSR at 300, 343 and 376
mbsf (dark grey shaded areas in hydrate layer). Hydrates and gas
are inferred to coexist at these depths because Sy, varies between
20% and 40% while S are as high as 5% in the patchy model. Below
the BSR, Sy are less than 20% and consistent with those calculated
from chlorinity data, and Sg are up to 30%. The saturations of Site
C0002 indicate that the coexistence occurs both above and below
the BSR. In addition, the gas within our model is composed of two
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Fig. 6. (a), (b) Well log data in IODP314 Hole CO002A. The porosities are derived from the densities. The red line in Fig. 6(b) is a quadratic polynomial fit to the density porosity. (c)
Hydrate saturation (Sy). (d) Total gas saturation (Sg) and errors. Green points in Fig. 6(c) are the Sy, estimated from chlorinity data in Holes C0002B, 2D, 2J, 2K, 2L (Moore et al.,

2013). Two horizontal axes are used to display different types of curves.

components: one is the gas enveloped in hydrates, and the other is
the gas mixed with water. There exist obvious discrepancies in the
saturation calculations. However, the sum of the two components
is comparatively close. This can explain why the total gas satura-
tion calculated for the two gas distributions is relatively close in
Fig. 6(d). Note that some larger errors (Fig. 6(d)) are caused by
the significant local decreases in porosities, which are similar to
those of the above Site 995.

3.2. Coexistence of fracture-filling hydrate and gas
3.2.1. Site DC_E

Both resistivity images and logging data at Site DC_E indicate
that the hydrates are fracture-filling. Below the BSR, the cores and

5410

their gas compositions suggest that sl hydrates coexist with gas,
accompanied by a double BSR on the seismic profile. The projected
depths for the I-BSR or I-BGHSZ and the II-BGHSZ are ~153 and
~237 mbsf respectively (Paganoni et al., 2016). In general, density
and S-wave velocity logs do not change much with depth, while
resistivity and P-wave velocity logs are characterized by the two-
layer structure (Fig. 7(a) and (b)). The overlying hydrate layer ex-
hibits high resistivities and relatively high P-wave velocities. The
underlying coexisting layer exhibits high resistivities but low P-
wave velocities.

Fig. 7(c)—(f) shows the calculated S, and Sg assuming vertical
and horizontal fractures. S, estimated from the cores are also
plotted in Fig. 7(c) and (e). The calculated Sy, for the vertical frac-
ture in Fig. 7(c) are close to those from chlorinity data and pressure
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Fig. 7. (a), (b) Well log data at Site DC_E (Paganoni et al., 2016). The porosities are derived from the densities. The red line in Fig. 7(b) represents the linearly fitted porosity. (c)
Hydrate saturation (Sy), (d) total gas saturation (Sg) and errors calculated assuming a vertical fracture. (e) Hydrate saturation (Sy), (f) total gas saturation (Sg) and errors calculated
assuming a horizontal fracture. Green and pink points are the Sy, estimated from the cores.

cores, with small errors (Fig. 7(d)). The calculated Sy, for the hori-
zontal fracture in Fig. 7(e) are higher than those from the cores,
with large errors (Fig. 7(f)). The saturations also support the fact
that sub-vertical fractures are filled by hydrates. Assuming a ver-
tical fracture, Sy, at the patchy gas distribution are much closer to
those estimated from the cores, with S, mostly below 20% (Fig.
7(c)), slightly higher near the BSR, and Sg mostly below 20% (Fig.
7(d)). The saturations further suggest that Site DC_E has a two-
layer structure consisting of an overlying hydrate layer and an
underlying hydrate-gas coexisting layer. It can be found that the
total gas saturations calculated by the two gas distribution models
are relatively close (Fig. 7(d) and (f)). This is also because both of
them represent the sum of the gas saturations of the two com-
ponents in the model, similar to the case at Site C0002.

3.2.2. Site 1250

Site 1250 penetrates the BSR and a seismic Horizon A at ~114
and ~150 mbsf respectively. Core images show that hydrates in the
sediments are mostly in the form of nodules and veins. sll hydrates
were confirmed by the double BSRs on the seismic profile and
heavy hydrocarbons in cores (Shipboard Scientific Party, 2003;
Tréhu et al.,, 2003). The layer above the BSR exhibits high re-
sistivity, relatively high P-wave velocity, stable S-wave velocity
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and density (Fig. 8(a) and (b)), indicating a hydrate layer. Between
the BSR and horizon A, resistivity, velocity and density values are
close to those of hydrate-free sediments. The above two-layer
structure at Site 1250 is not obvious. However, gas probably
(Shipboard Scientific Party, 2003) has induced the local density
deductions above the BSR (dark grey shaded areas in Fig. 8).

Fig. 8(c)—(f) show the calculated Sy and Sg assuming vertical and
horizontal fractures. Sy estimated from chlorinity data are low at
this site and are shown in Fig. 8(c) and (e). It can be seen that Sy,
assuming a vertical fracture and patchy gas distribution, are close
to those derived from the chlorinity data, which are mostly around
10% (Fig. 8(c)). In Fig. 8(d), Sg approach zero but become relatively
higher in regions with locally low densities. Sg at the patchy gas
distribution is much closer to those derived from the measured
density well data (Fig. 8(d)). Therefore, both hydrate and gas sat-
urations indicate that free gas exhibits a patchy distribution within
the hydrate and gas coexisting layer at Site 1250. At horizon A, the
maximum Sg in the patchy gas distribution exceeds 10%, while Sy
are approximately 20%, indicating a hydrate-gas coexisting layer.

3.2.3. Site U1328
At Site U1328, the inferred depth of the BSR is ~219 mbsf. Re-
sistivity images above 50 mbsf show that the dips of the hydrate-
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Fig. 8. (a), (b) Well log data at ODP 204 Site 1250. The porosities are derived from the densities. The red line in Fig. 8(b) represents the linearly fitted porosity. (c) Hydrate
saturation (Sp), (d) Total gas saturation (Sg) and errors calculated assuming a vertical fracture. (e) Hydrate saturation (Sy), (f) total gas saturation (Sg) and errors calculated
assuming a horizontal fracture. Green lines in Fig. 8(d) and (f) represent Sg calculated from density log data. Green points are the S, estimated from chlorinity data (Shipboard

Scientific Party, 2003).

filled fractures are mostly at high angles. sII hydrates were indi-
cated by the geochemical analyses of gas samples near the BSR
(Expedition 311 Scientists, 2006a, 2006b). Due to the significant
variation in the caliper above 130 mbsf, which compromises log-
ging quality, only well log data below 130 mbsf are used in the
calculation. Both velocity and resistivity log data are characterized
by the two-layer structure. Velocity values are high above the BSR
and low below it, while resistivity values are higher below the BSR
than those above the BSR (Fig. 9(a)). Density log data are low at
several depths (Fig. 9(b)), similar to those of Site 1250.

Fig. 9(c)—(f) shows the calculated S, and Sg assuming vertical
and horizontal fractures. In Fig. 9(c) and (e), Sy estimated from
chlorinity data range from 7% to 43% and from a pressure core is
50% at 233 mbsf. Both in the cases of vertical and horizontal
fractures, the calculated Sy, from patchy gas distribution appear to
be closer to those estimated from chlorinity data. However, at 202
and 233 mbsf, the calculated Sy, from the horizontal fracture and
uniform gas distribution are closer to those estimated from the
cores. Except for 236 mbsf, at Site 1250, most of Sg are much closer
to those derived from the measured density well data in the case of
vertical hydrate fracture and patchy gas distribution (Fig. 9(d)).
Both Sy, and Sg are higher below the BSR than above it. Saturations
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indicate that hydrates coexist with gas in a thick layer below the
BSR, and the coexistence even occurs locally above the BSR.
Therefore, the hydrate morphology and gas distribution at Site
1328 are more complex, which may be the result of the active cold
vent.

4. Discussions
4.1. Model applicability

In the evaluation of hydrates and free gas, core and well logging
data can be used to predict their saturations. It is generally
assumed that the saturations predicted by core data are relatively
accurate in terms of depth and value range (Holland et al., 2019).
Therefore, the prediction accuracy of the model can be verified by
comparing the saturation derived from the core data with those
calculated by the rock physics model. Through the calculation and
comparison of the above six sites, it is found that the calculated
saturations at Sites GMGS6-SH2, 995, and DC_E are highly accurate
in both the hydrate and coexisting layers. Specifically, at Site 995,
the calculated free gas saturations are very extremely close to the
core-derived values. At Site C0002, the model-calculated and core-



J. Qian, X.-]. Wang, Z. Liu et al.

Petroleum Science 23 (2026) 5400-5417

£Y% Velocity Density Hydrate saturation Total gas saturation Hydrate saturation Total gas saturation
Q0
8E o km/s 3lo glcm? 3lo 1]o 1]o 1o 1
120 ; + + + + : : .
(a) (b) | (c) Vertical fracture | (d) = Vertical fracture | (e) ' Horizontal fracture | (f) = Horizontal fracture
,) — ~ ‘/ -
() 1
140 1 5 )
. |
160 4 . = 1 E 7 h
3 f
R Gas hydrate layer
= Y
180 1 4 [
200 A 1 ’E 1 15
? i
220 1 N T SER ety Rt By e e g Tl s B o gibwtee— o e el -}_ _____ BSR___1 __—______-F?_ __________ 1
Coexistence layer
of hydrate and gas
240 . =l i {=
il i
= E =
260 g == 1 J=
4 Uniform v Uniform
Uniform —— Patchy Uniform —— Patchy
3 Linear fit —— Patchy Density —— Patchy Density
— Vi —— Porosity @ Chlorinity Error_U © Chlorinity Error_U
Resistivity Density B PCs I Error_P W PCS B Error_P
280 T T — T T T T T T T T T T T T T T T T
0.25 Q'm 2|0 3|0 101 olo 101 0
Resisitivity Porosity Chlorinity & PCS Error Chlorinity & PCS Error

Fig. 9. (a), (b) Well log data at IODP 311 Site 1328. The porosities are derived from the densities. The red line in Fig. 9(b) represents the linearly fitted porosity. (c) Hydrate
saturation (Sp), (d) total gas saturation (Sg) and errors calculated assuming a vertical fracture. (e) Hydrate saturation (Sy), (f) total gas saturation (Sg) and errors calculated assuming
a horizontal fracture. Green lines in Fig. 8(d) and (f) represent Sy calculated from density log data. Green and pink points are the Sy, estimated from the cores (Expedition 311

Scientists, 2006b).

derived hydrate saturations are quite close in the coexisting layer,
but there are discrepancies in the hydrate layer. This might be
attributed to the fact that the cores and well logs are sourced from
different holes (Expedition 314 Scientists, 2009).

However, at Sites 1250 and U1328, which are located in the cold
seep areas with active fluids (Shipboard Scientific Party, 2003;
Expedition 311 Scientists, 2006a), the calculation accuracy is
relatively low. Gas hydrates, influenced by intense fluid activity,
are characterized by a fracture-filling morphology. The dip and
strike of hydrate fractures can affect the rock physics properties of
the sediments (Cook and Goldberg, 2008; Cook et al., 2010). Due to
the lack of continuous information on fracture dips and strikes,
only vertical fracture and horizontal fracture are chosen for
calculation within the model. This results in a reduction in the
calculation accuracy of these two sites. In brief, the applicability of
our model in isotropic pore-filling is higher than that in aniso-
tropic fracture-filling. To improve the prediction accuracy in the
anisotropic case, it is necessary to further enhance the resolution
of the continuous fracture dip and strike information obtained
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from logging-while-drilling resistivity imaging and core scanning,
and incorporate them into the model for calculation.

4.2. Comparison of CMHGW- and density-derived gas saturations

Eq. (18) is used to calculate the gas saturations at the above six
sites. This method is found to be suitable for the sites where the
density logs are smooth and decrease significantly in the gas-
bearing interval, such as Sites GMGS6-SH2, 1250 and U1328
(Figs. 4, 8 and 9). At these three sites, the gas saturations derived
from the density well log are close to those calculated from the
model for the patchy gas distribution (Figs. 4(d), 8(d) and 9(d)).
The comparison of two various gas saturations further validates
the reliability of our new model CMHGW. This analysis also in-
dicates that free gas in nature is likely to be predominantly char-
acterized by the patchy distribution. However, the method of
density-derived gas saturation is not suitable for the Sites 995
and C0002 with sharp variations in the well logs, or Site DC_E with
no variations in the gas-bearing interval. Therefore, the density-
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derived gas saturations are not shown at these three sites (Figs.
5-7).

4.3. Influencing factors on saturation calculations

4.3.1. Gas hydrate morphology

In the rock physics model, gas hydrate morphologies encom-
pass grain-coating, cementing, load-bearing, fluid-filling, as well
as nodules/fracture (Ecker et al., 1998, 2000; Dai et al., 2004). From
the perspective of cores, Holland et al. (2008) classified the grain-
coating, cementing, load-bearing and fluid filling with isotropic
properties as pore-filling type, and designated the anisotropic
nodules/fractures as fracture-filling type. Grain-coating and
cementing models often occur in permafrost zones, and they can
significantly increase the velocity of sediments; whereas load-
bearing and fluid-filling types are usually found in shallow ma-
rine sediments, and they either increase or weakly increase the
velocity of sediments (Dai et al, 2004; Collett et al., 2009).
Therefore, when utilizing velocity well logs for saturation predic-
tion, the first two models will yield either low hydrate saturation
or high free gas saturation. Conversely, the latter two models will
generate the opposite results. For isotropic marine sediments, the
velocity values calculated by the load-bearing model in the pore-
filling morphology are close to measured values (Ecker et al,
1998, 2000; Dai et al., 2004). Here we use the STPE, in which the
sediment consolidation is characterized by the weakening
parameter . A smaller weakening parameter ¢ corresponds to the
more consolidated sediments. The parameter ¢ used in the model
is equivalent to the load-bearing model in the EMT. In addition to
loading-bearing model, Pan et al. (2020) attempted to predict
hydrate saturation by means of a multi-model hybrid approach. In
order to obtain a more precise hydrate saturation, the utilization of
pressure cores for more accurate analysis of hydrate morphology
should be a crucial direction in hydrate research.

4.3.2. Raw data quality

The quality of well logging and core data is crucial for the
saturation calculation. The caliper log is one of the important in-
dicators for measuring the quality of logging data. The quality of
well logs at Sites GMGS6-SH2 and 1250 is high due to their stable
caliper logs (Shipboard Scientific Party, 2003; Qin et al., 2020). At
Sites 995, C0002, and U1328, the caliper logs with local drastic
changes have affected the quality of the logging data, especially
the density well log. Although the well logs have been corrected,
sharp changes in density can still be seen on the logs (Guerin et al.,
1999; Expedition 311 Scientists, 2006b; Expedition 314 Scientists,
2009). At Site DC_E, no caliper log is collected, but the quality of its
velocity, resistivity, and density logs is high (Paganoni et al., 2016).
To reduce the impact of caliper log on density and porosity, the
fitted porosity is utilized in the model.

The quality of core data is susceptible to depth biases and ar-
tifacts, which will affect subsequent saturation predictions. The
step changes in the gamma ray and density logs can be used to
match the depths between core and log data (Bahk et al., 2013).
During core collection, although advanced coring tools can reduce
artifacts, core with severe impacts must be excluded during
analysis (Holland et al., 2019).

4.3.3. Porosity

Density-derived porosity is one of the key parameters in the
saturation calculations (Lee and Collett, 2009; Zhu et al., 2023). In
Figs. 4-9, the density well logs at Sites GMGS6-SH2, DC_E, 1250
and U1328 are generally smooth, while those at Sites 995 and
C0002 show significant local variations. At Sites 1250 and 1328,
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even within the HSZ, density values exhibit several local decreases.
These decreases are induced by the presence of free gas (Shipboard
Scientific Party, 2003), resulting in increases in density-derived
porosities. Therefore, it is a challenge to derive the true poros-
ities of the formation using density log data in the presence of
decreased densities.

In this case, a linear or quadratic polynomial fitting is applied to
the density-derived porosity to reduce the errors in the porosity
calculation. To illustrate the effect of porosity, the velocities and
resistivities under different porosities are modelled using the
CMHGW and the calculated hydrate and gas saturations at 253
mbsf from Site GMGS6-SH2 (Fig. 4). In Fig. 10, the velocity and
resistivity values decrease with increasing porosity. The above
analysis in Fig. 3 also shows that as hydrate saturation decreases
and gas saturation increases, the velocities decrease, while the
resistivities remain unchanged. Hence, it is concluded that using
higher porosities will result in lower hydrate saturation and higher
gas saturation in calculations.

4.3.4. Parameters in velocity model

In the velocity model, the parameters ag, do, n2 and ¢ vary at
these six sites. dg is the initial depth of the well logs, and it is a
fixed value for each site. ag, n2 and ¢ need to be derived through
fitting the velocities of background water-saturated sediments and
the hydrate saturations. Therefore, their values are crucial to the
calculation accuracy of the model. Based on the rock physics
properties at Site GMGS6-SH2, Fig. 11(a)—(g) illustrates the velocity
variation in relation to these three parameters. From Fig. 11(a)—(c),
it can be observed that as «g increases from 0 to 50, the velocities
decline sharply initially and subsequently tend to stabilize. This
indicates that a low value of ag will lead to a low hydrate saturation
or a high gas saturation. From Fig. 11(d)—(f), it can be seen that as ny
increases from 0 to 2, the velocities exhibit an approximately
linear increasing tendency. This implies that a high value of n will
result in a low hydrate saturation or a high gas saturation. At
depicted in Fig. 11(g), the velocities exhibit a slight alteration when
¢ varies, indicating that ag and n; are two parameters within the
model that are relatively sensitive to the velocities. In the aniso-
tropic velocity model of two-layer media, since the hydrate satu-
ration in the water-saturated sediments is O, the velocities are not
affected by the parameter ¢, and the curves with a fixed velocity
value are not plotted.

4.3.5. Parameters in resistivity model

Similar to the parameters ag, ny and ¢ in the velocity model, the
Archie constants a and m, along with the saturation exponent ns,
also need to be derived through fitting the background resistivity
values of water-saturated sediments and hydrate saturations.
Therefore, these three parameters will have an impact on the
calculation accuracy of the model. Fig. 11(h) and (i) are the curves
showing the variation of resistivity with parameters a, m, and ns
under isotropic and anisotropic conditions, respectively. The re-
sistivities increase linearly with the increase of parameter a, and
increases exponentially with the increase of parameters m and ns.
The increasing trends of the resistivities are highly conspicuous,
suggesting that these three parameters are very sensitive to the
calculation of resistivity. These increasements signify mean that
the high values of a, m, and n3 will lead to a low hydrate saturation
or a low gas saturation. In the anisotropic resistivity model of the
two-layer media, the resistivities remain unaffected by the satu-
ration exponent ns, and the corresponding curves are also not
plotted.
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5. Conclusions

A new rock physics model is developed for the multiphase
mixing in marine hydrate and free gas-coexisting sediments. In the
model, the sediments are composed of three phases: solid phase,
hydrate—gas phase, and gas-water phase. The model is validated
through saturation calculations at six marine sites worldwide. The
calculated saturations closely match those derived from the cores,
suggesting that our new model is suitable for predicting the sat-
urations in the hydrate-gas coexisting layer.

Our results provide further evidence from a saturation
perspective that hydrate-gas coexistence can occur both above
and below the BSR. This coexistence is likely to be a neglected
global phenomenon, and the saturation distribution would deepen
our understanding of such a complex system. The underlying hy-
drate and gas, interpreted below the conventional I-BSR, would
provide a more accurate prediction of global hydrate resources,
potentially exceeding the current estimates.
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