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To obtain the characteristics of the gas hydrate reservoirs at GMGS3-W19, extensive geophysical logging
data and cores were analyzed to assess the reservoir properties. Sediment porosities were estimated from
density, neutron, and nuclear magnetic resonance (NMR) logs. Both the resistivity and NMR logs were
used to calculate gas hydrate saturations, the Simandoux model was employed to eliminate the effects of
high clay content determined based on the ECS and core data. The density porosity was closely in
agreement with the core-derived porosity, and the neutron porosity was higher while the NMR porosity
was lower than the density porosity of sediments without hydrates. The resistivity log has higher vertical
resolution than the NMR log and thus is more favorable for assessing gas hydrate saturation with strong
heterogeneity. For the gas hydrate reservoirs at GMGS3-W19, the porosity, gas hydrate saturation and free
gas saturation was 52.7%, 42.7% and 10%, on average, respectively. The various logs provide different
methods for the comprehensive evaluation of hydrate reservoir, which supports the selection of candidate
site for gas hydrate production testing.

©2022 China Geology Editorial Office.

1. Introduction

Natural gas hydrates (NGHs) are crystalline solids that
contain gas molecules encaged in water molecules. Gas
hydrate reservoirs are considered to contain abundant cleaner
energy than other conventional hydrocarbon sources. Several
production tests have shown significant progress in the
understanding that natural gas can be produced from
reservoirs by using advanced production technologies
(Yamamoto K et al., 2014; Li JF et al., 2018; Cui Y et al.,
2018; Ye JL et al., 2020).

The Guangzhou Marine Geological Survey (GMGS)
implemented gas hydrate drilling expeditions in 2007 and
2013 in the South China Sea. Gas hydrates were recovered
from Fugro pressure cores during the expeditions, confirming
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the presence of gas hydrates in the South China Sea (Zhang
GX et al., 2007; Zhang HQ et al., 2014). In 2015, with
improved recognition and increased knowledge obtained from
newly acquired geophysical and geochemical data, the
GMGS3 was conducted in the Shenhu area. Comprehensive
well logs obtained in the area were used to accurately assess
the gas hydrate reservoir properties and to assist in selecting
ideal candidate sites for potential gas hydrate production
testing in the future. It is well known that the development
effectiveness of these gas hydrate reservoirs relies heavily on
key reservoir parameters, including porosity, gas hydrate
saturation, gas saturation, and reservoir thickness. Therefore,
it is important to understand these critical parameters before
developing a drilling plan for a gas hydrate production test (Li
Y et al, 2021). This study aims to assess the reservoir
properties at GMGS3-W19, a candidate site selected for
potential gas hydrate production testing due to its high
concentration and porosity. To this end, this study first
introduces the identification of gas hydrate and free gas
intervals based on various logs coupled with core data. Then,
it focuses on the characterization of the gas hydrate reservoirs
including accurate mineral components, porosity, and gas
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hydrate/gas saturations based on various well logs and core
data.

2. Natural gas hydrates occurrence

Five logging while drilling (LWD) tools provided by
Schlumberger were deployed at Site W19, namely
geoVISION (felectrical imaging), SonicScope675 (multipole
acoustic logging), NeoScope (density and neutron porosity),
proVISION (NMR porosity), and Telescope (MWD). General
well-log data such as gamma, density, and neutron porosity
logs and deep resistivity logs based on acoustic travel time,
along with various investigation depths of resistivity images
and NMR were used in this study. Fig. 1 shows the
characteristic log response of the entire hole at the site of
W19.

The resistivity and velocity logs can be used to identify
and assess gas hydrates (Collett TS and Ladd J, 2000; Lee
MW and Collett TS, 2009, 2011, 2012; Shankar U and Riedel
M, 2014). As shown in Fig. 1, the top of the gas hydrate zone
was determined at a depth of 135 mbsf based on the abruptly
increasing resistivity, lower acoustic travel time, and high
brightness on the resistivity images. It was inferred that base
of the gas hydrate zone was at a depth of 162 mbsf from the
following observations: (1) The Fugro Marine Core Barrel
(FMCB) coring at the interval (160.5-163.5 mbsf) of adjacent
coring well W19B showed low-temperature anomalies at the
top of the core but warmness in the bottom; (2) The base
depth of the gas hydrate stability zone was calculated to be
about 162 mbsf according to in situ temperature
measurements (the seafloor temperature and geothermal
gradient are 4° and 56.1°/km, respectively); (3) The density
and neutron porosity logs show an abrupt decrease in value at
the depth of 162 mbsf. It is noteworthy that the density and
neutron porosity logs are also inversely crossed. In addition,

the sonic slowness-time coherence becomes weak within the
gas hydrate interval between 144.6 mbsf and 157 mbsf, which
is believed to be caused by free gas. The gas may originate
from the gas hydrate dissociation in the drilling process or
originally coexist with gas hydrates, as discussed below. The
higher resistivity (compared to the baseline of the formation
resistivity) and lower density, neutron porosity, and velocities
suggest the presence of free gas at a depth of approximately
162—190 mbsf.

As shown in Fig. 1, the T2 spectrum is discontinuous due
to the measurement failure of the proVISION tool in some
sections. Fortunately, some valuable NMR log data were
acquired in the upper part of the gas hydrate zone. Since the
measurements of NMR and density porosity are not
dependent on the interactions between the gas hydrates and
porous media (Bauer K et al., 2015; Lee MW and Collet TS,
2011), the authors attempt to assess the gas hydrate saturation
using the limited, discontinuous NMR data.

3. Mineral composition calculation

The integration of X-ray diffraction (XRD) and LWD
techniques is commonly used to provide information on
mineral composition, mineral types, and their content for
reservoir characterization (Kang DJ et al., 2018; Wei JG et al.,
2018). According to X-ray diffraction analyses of core
samples, the W19 reservoir is primarily composed of quartz,
calcite, and clay, and trace quantities of plagioclase, dolomite,
pyrite, augite, and anhydrite (Table 1). Among them, quartz,
calcite, and clay are the most abundant minerals, with an
average content of 25.4%, 27.2% and 27.2%, respectively.
Meanwhile, the clay has a content of 11.5% —46.9% and
mainly includes illite (27%—-53%, average: 39.4%) and
illite/montmorillonite (22%-50%, average: 38.9%).

The XRD results were input as calibration points to
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Fig. 1. Downhole LWD results at the site of Well W19.
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Table 1. Content of sediment components obtained from X-ray
diffraction analyses of Site W19.

Mineral component Average content/%

Quartz 25.4
Plagioclase 6.2

Calcite 27.2
Dolomite 4.8

Pyrite 2.44
Anhydrite 3.53
Augite 3.68
Clay 27.2

calculate the continuous mineral composition from ECS logs
coupled with the other conventional logs, and the calculated
mineral composition is shown in Fig. 2. In this figure, the first
column is the true vertical depth below mudline (TVDBML),
the second column is the gamma ray log, the third column is
the resistivity log, the fourth to eighth columns are the weight
percentages of Al, Ca, Fe, Si and S, respectively, and the
ninth to eleventh columns show the comparison of the
calculated content of quartz + plagioclase, carbonate (calcite +
dolomite), clay, and pyrite with the XRD data. According to
the Fig. 2, the calculated mineral composition agreed well
with the core data, especially within the interval between 119

mbsf and 146 mbsf, which consists of a 16 m thick non-
hydrate reservoir and a 10 m thick upper hydrate reservoir.
The gamma values were notably low within the interval
between 119 mbsf and 146 mbsf, which is often associated
with sands. However, the weight of calcarcous materials
notably increased according to the processing result of ECS
logs, which is also consistent with the core data because
although the quartz content of the low gamma ray zone did
not significantly increase, the average carbonate content
increased from 25% in the upper zone to 43% in the low
gamma zone according to the XRD results. Based on these
and the thin section identification results, it can be confirmed
that the low gamma ray activity zone is caused by the high
content of calcareous materials with abundant sand-sized
foraminifera, which are also visible near Site W18 (Kang DJ
etal., 2018).

4. Porosity calculations

Sediment porosities can be determined according to
various borehole logging measurements (Fujii T et al., 2015).
This study used the data from the density, neutron porosity,
and NMR logs to calculate sediment porosities at Site W19.

The equation commonly used to calculate porosity from
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Fig. 2. Comparison of the mineral component results with ECS processing and laboratory analysis at Site W19.
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density logging is as follows:

Pirees = D2 0 M
Prm—ecs —Pf

where ¢,_,.is the porosity based on an ECS-derived matrix
density, p, is the fluid density, which is assumed to
bep, =1.04 g/em’, and p,»is the measured formation density.
DPmecs 18 the matrix density, which varies with mineral
composition and corresponding content. Since each mineral
has a specific density value as shown in Table 2, p, .., 1S
calculated using the following equation to obtain accurate

porosity:
Pm-ecs = Z ‘/lpt (2)

where Vrepresents the volume content of each mineral, and
piis the density of each mineral.

According to the mineral composition obtained through
the processing of the ECS log, anhydrite exists in the entire
hole at Site W19 aside from dominant components such as
quartz, calcite, and clay. The core data show that the anhydrite
has an average content of 3.5%, which cannot be determined
according to the ECS logging data. The anhydrite mineral was
also used as input to calculate the matrix density.

Core porosity represents the total water content of the
sediments including interlayer, bound, and free water (Collett
TS and Ladd J, 2000; Suzuki K et al., 2015). The density log
also measures the total water content of the sediments, and
thus the density porosity of sediments should be roughly
equal to the core porosity (Collett TS and Ladd J, 2000) The
calculated grain density and porosity determined using
equations (1) and (2) are shown in Fig. 3. It shows that the
calculated results of grain density and porosity are consistent
with the core-derived grain density and porosity. Moreover,
the enlarged borehole part from the seafloor to the depth of 20
mbsf had a significant effect on the values of the calculated
grain density and porosity. Below the depth of 20 mbsf, the
grain density ranged from a maximum of about 2.77 g/cm? to
a minimum value of about 2.67 g/cm’, with an average of
2.72 g/em’® and the porosity calculation yielded values ranging
from about 45% to 68%, with an average of 52.7% at Site
WI19.

For Site W19, aside from the density porosity, the
sediment porosity was also calculated from the thermal
neutron and limited nuclear magnetic logs, as shown in Fig. 4.
According to Fig. 4a, the thermal neutron porosity was higher
while the NMR porosity was lower than the density log-
derived porosities above the gas hydrate zone. Neutron log
measured the total amount of hydrogen in the formation, and
the presence of crystal water within clay minerals was the
primary reason for the elevated the neutron porosity. The
neutron porosity decreases when free gas occurs in the pore

Table 2. Density of different mineral components.
Quartz Anhydrite
Density/(g/cm®) 2.65 2.73 242 499 298

Mineral Calcite  Illite  Pyrite

space due to the low hydrogen index in the gas. The NMR
measurement is aimed at obtaining information on hydrogen
nuclei in pore fluid, so it can effectively reflect the total
porosity of reservoirs while avoiding the influence of
lithology (Kenyon WE, 1992; Latour LL et al., 1995).
However, the NMR log is liable to be affected by many
factors, such as echo string acquisition parameters, the signal-
to-noise ratio of echo string, and the salinity of drilling fluid
(Kleinberg RL, 1999; Kleinberg RL et al., 2003). It is
considered that the low NMR porosity at Site W19 was
induced by the long echo interval (0.8 ms) of the proVISION
tool. The shorter the echo interval of a NMR logging tool, the
higher the accuracy of measured clay-bound water (Zhong J et
al., 2019). Owing to the large echo interval, information on
some small pores filled with clay-bound water at Site W19
was lost, resulting in the lower NMR porosity compared to the
density porosity. A quick approach can be applied to the
correction of porosities calculated from the neutron and NMR
logs. The neutron porosity and the NMR porosity were
corrected by reducing by a factor of 0.09 and increasing by a
factor of 0.16, respectively to make them agree well with the
density porosity at a depth of about 10-135 mbsf at Site W19
(Figs. 4b, 4c). The discrepancy between the corrected neutron
porosity and density porosity occurred at a depth of 120—-190
mbsf, which was mainly induced by free gas. Meanwhile, the
gas hydrates in the formation contributed to the discrepancy
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Fig. 3. Comparison of calculated grain density and density porosity
using the ECS log with core analytical results.
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Fig. 4. Relationship of various porosities vs. depth at Site W19. a—comparison of neutron and NMR porosities with density porosity; b—correc-

ted neutron porosity; c—corrected NMR porosity.

between the corrected NMR porosity and density porosity at a
depth of 135-166 mbsf.

5. Gas hydrate saturations

Extensive literature on assessing gas hydrate saturations
based on borehole LWD data has been reported (Lee MW et
al., 1996; Tinivella and Carcione, 2001; Sun Y et al., 2011;
Kang DJ et al., 2020). Among these data, the resistivity,
velocity, and NMR logs are the most commonly applied in
estimating gas hydrate concentration. Owing to the weak
sonic Slowness-Time coherence in the target zone (Fig. 1), it
is difficult to obtain reliable compressional slowness below
the depth of 138 mbsf. Therefore, the gas hydrate
concentration from the P-velocity is not introduced in this
study. Instead, the gas hydrate saturation estimates of Site
W19 based on the resistivity log and the limited NMR log are
discussed as follows.

5.1. Estimates from resistivity

As previously discussed, the presence of gas hydrate will
increase the values of formation resistivity, which indicates
that the resistivity data can be used to calculate gas hydrate
saturation. Archie’s law can be used to obtain gas hydrate
saturations (Archie GE, 1942). However, Archie’s law is not
accurate for shaly sands, where clay minerals are present in
the formation matrices, as clay minerals have high
conductivities that have significant effects on electrical
resistivity (Lee MW and Collet TS, 2006). The ECS-derived
mineral components indicate that the clay content is high at
Site W19, with an average of 27.2% (Fig. 2). Therefore, the
Simandoux model was used to account for the effects of clay
(Simandoux P, 1963) in this study, and it can be formulated as:

1 ‘pd—ecsm Vsh
— =T gy g 3
R, ar, Ry, @
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Sh:I_SW (4)

whereS, and §, are the water saturation and gas hydrate
saturation, respectively, R, represents the formation resistivity,
R, is the resistivity of connate water, V,,is the volume fraction
of clay derived from the ECS log, Ry,is the clay resistivity and
is assumed to be 5 Q-m, and a and m are Archie constants.
The parameter n is the saturation exponent, which varies
between 1.715 and 2.1661, depending on the lithology of
reservoirs, and n = 1.9386 proposed by Pearson CF et al.
(1983) for submarine sediments was used in this study.

The connate water resistivity (R,,) can be calculated using
Arp’s formula (Arp JJ, 1953) on the premise that the salinity
and temperature of the formation water are known. Arp’s
formula is R, =R, (T, +7)/(T,+7), where R,and R,,are
water resistivities at Fahrenheit temperatures at 7, and T,.
According to the recovered core water samples at Site W19,
the salinity and temperature gradient of the formation is
32-34 ppt and 5.6 °C/100 m, respectively.

The resistivity of fully saturated sediments (R,) is
proportional to the water resistivity (R,,) in the pore fluid,
which can be expressed using the following equation:

RO/RW = a¢_m (5)

Ro/R,, is defined as the formation factor (FF), and
FF =R,/R,,. Archie parameters a and m are calculated from a
Pickett plot (Pickett GR, 1966), which is a cross-plot of
FFand porosity of water-saturated sediments containing no
gas hydrates and fitted with a power function. Fig. 5 shows
the relation between FF and density porosity of the water-
saturated interval from seafloor to 135 mbsf, which shows a
very close correlation with regression coefficient (R* = 0.85).
The Archie parameters a =1.12 and m=2.22.

It should be noted that both the density porosity and
neutron porosity are not accurate between 162 mbsf and 190
mbsf due to the presence of the free gas in the pore space at
Site W19. As is known, the free gas in the formation results in

10 ®

y=1.1217x2 @
R*=0.8472

Formation factor

0'1 1 1
0.2 0.4 0.6 0.8 1

Porosity

Fig. 5. Relationship between density porosity and formation factor.
The data points are from fully water-saturated sediments from sea-
floor to 135 mbsf. The red line is the best linear fit providing
Archie’s parameters a and m.

an increase in the density porosity and a decrease in the
neutron porosity. Therefore, the formation porosity of the gas

zone was corrected using the formula ¢ = \/ (Pucees® + Peorn®) [ 25
where ¢, 1s the corrected neutron porosity.

Fig. 6 shows that the calculated R, with @ = 1.12 and m =
2.22 agreed well with the measured formation resistivity for
most intervals, and the discrepancy is a result of the presence
of gas hydrate and free gas in the formation.

Fig. 7a shows the calculated gas hydrate saturation from
equation (3) based on the determined parameters (a=1.12, m =
2.22, and n = 1.9386). Salinity in the pore fluid can be used to
determine gas hydrate saturation as the decomposition of gas
hydrate leads to pore-fluid freshening (Kvenvolden KA and
Barnard LA, 1983; Kvenvolden KA and Kastner M, 1990;
Paull CK et al., 1996). According to Fig. 7a, the calculated
gas hydrate saturation from resistivity agreed well with the
saturation estimated from the pore-water chemistry. For the
gas hydrate zone at a depth of 135-162 mbsf, the average gas
hydrate saturation was 39.2%, with a maximum of 63.4% in
the pore space in the upper gas hydrate zone. Two gas zones
at the interval from 162 mbsf to 166 mbsf and from 172 mbsf
to 190 mbsf were observed at Site W19. The average gas
saturations in these two zones were 14.8 % and 5%,
respectively.

5.2. Estimates from NMR

The NMR log measures the hydrogen in the formation.
Although gas hydrate contains abundant hydrogen in both its
water and methane fractions, such hydrogen is invisible since
the proVISION tool is not sensitive to hydrogen in solids
(Kleinberg RL et al., 2003; Bauer K et al., 2015). Therefore,
in the case that gas hydrate is present in the formation, the
NMR porosity is reduced. The NMR porosity reflects the total
pore space occupied by bound water, capillary water, and free

Resistivity (ohm-m)

00.1 _ l _ 10 _ .....1.00
- R, using m=2.22, a=1.12
i Measured restivity
50 4
¢ — R, from salinity and
temperature
100 %

ARAINA

Depth/mbsf

200 A

‘M;J‘"Mhmpm_w ™

250

Fig. 6. Plot showing measured electrical resistivity (orange line),
the pore-water resistivity (red line), and the background resistivity
trend (blue line).


http://dx.doi.org/10.31035/cg2022025

Kang et al. / China Geology 5 (2022) 383—392 389

Hydrate/gas saturations

0 0.5 1 0
125 4 :

Hydrate/gas saturations

Hydrate/gas saturations
0.5 1 0 0.5 1

® From chlorinity

From resistivity

135 1 135 1

145 145 1

o 155 155 1 155 A

O

E

<

53

A )
165 165 165
175 175 1 175 -
185 - 185 | 185 A

L (@) (b) ©)

195 195 195

® From chlorinity

® From chlorinity

From resistivity

From NMR From NMR

135 1

L

145 +

Fig. 7. Gas hydrate/gas saturations calculated from the resistivity (a) and NMR (b) logs and their comparison (c).

water. Ideally, NMR porosity equals the density porosity in
water-bearing sediments, and the gas hydrate saturation can
be given by the differences between the NMR and density
porosities using the following equation:

S h= (‘pd—ecs - SawrNMR)/QDd—ec.v (6)

where S ,represents the gas hydrate saturation and ¢,y 1S
the corrected NMR porosity by increasing by a factor of 0.16.

The gas hydrate saturation estimated from NMR is shown
in Fig. 7b. It can be found that the estimated gas hydrate
saturation roughly agreed with the saturation derived from
pore water chemistry for most of the gas hydrate zone, but
there were large differences in the upper part of the gas
hydrate interval with a depth of 135—138 mbsf. The maximum
gas hydrate concentration derived from pore water freshening
was 71% (average: 65%) of pore volume in the range of about
135 —138 mbsf, while that derived from NMR was 50%
(average: 46%), which was about 20% lower than that derived
from pore water chemistry. The difference may mainly result
from the inaccurate porosity extracted from the sparse NMR
signal in the gas hydrate zone (Fig. 1).

6. Discussion

In this study, the bottom depth of the gas hydrate zone at
Site W19 was determined at 162 mbsf. However, the density
and neutron porosity logs were also inversely crossed above

this depth. Additionally, the sonic Slowness-Time coherence
became weak within the gas hydrate interval between 144.6
and 157 mbsf. All these indicate that free gas exactly occurs
in the gas hydrate zone. The gas might originate from the
decomposition of gas hydrates in the drilling process. Another
possibility is that it is the free gas originally coexisting with
the gas hydrates in the formation, which is also visible in the
other gas hydrate reservoirs in the Shenhu area (Qian J et al.,
2018; Li J et al., 2019; Qin XW et al., 2020). Even a small
amount of free gas can cause the notable decrease in the
neutron porosity due to the gas excavation effect. Therefore, if
the free gas originally coexisted with the gas hydrates in the
formation, it can be inferred free gas saturation is low since
no clear decrease in density values was observed at this
interval. In addition, the density and neutron porosity logs
were inversely crossed, with the most distinct discrepancies
occurring at the intervals of 144.8 —146 mbsf, 149.1-149.8
mbsf, 151.1 —153.4 mbsf, and 154.5 —156.8 mbsf. The
resistivity values were relatively low at these intervals (Fig.
8), which supports the interpretation of the low free gas
saturation. The accurate saturation of gas hydrates and free
gas in coexisting reservoirs will be further studied in the
future.

The basis of logging interpretation and evaluation is to
determine the mineral composition of the formation. Before
detecting the minerals using XRD analysis, Site W19 was
chosen as an ideal candidate site for gas hydrate production
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Fig. 8. Inverse intersection of density and neutron porosity logs of
the gas hydrate zone.

testing due to its extremely high gas hydrate saturation (up to
a maximum of about 66.9% as derived from the pore water
freshening) and the low gamma response of the interval
between 119 mbsf and 146 mbsf, which is believed to be
caused by sands. In general, gas hydrate-rich sandy reservoirs
are always considered to be the most potential targets for gas
production (Dallimore SR and Collet TS, 2005; Anderson B
et al., 2010). However, in this study, the increase in carbonate
content induced by foraminifera contributed to the response of
low gamma values, and the processing results of the ECS
logging data also indicated the increase in carbonate content
at the low gamma interval. Therefore, the unconventional
ECS logging can be used to accurately measure the mineral
composition of formation in the case of no retrieved core.

As is known, the porosity and saturation serve as two
important parameters in reservoir assessment, and accurate
porosity is the key to the assessment of gas hydrate saturation.
Based on the ECS logging analysis of Site W19, more
accurate density porosity was calculated using the matrix
density calculated from ECS data, and it agreed well with the
core porosities. Therefore, the density porosity can be used as
the reference porosity, which allows the accuracy of the
neutron and NMR porosities to be improved. Comparison
between density, neutron, and NMR-derived porosities above
the gas hydrate zone (Fig. 4a) reveals that the neutron porosity

was generally higher but the NMR porosity was lower than
the density porosity. According to the core and ECS log
analyses, clay minerals are also the dominant minerals in the
entire hole, and the presence of crystal water in the clay
minerals is the primary cause for the elevation of the observed
neutron readings. The neutron porosity was approximately
10% higher than the core data at the A1-SC well on Daini-
Atsumi knoll (Suzuki K et al., 2015). The sediments in the
Shenhu area are mainly composed of silty clay with abundant
small pores in terms of lithology (Li JF et al., 2018; Li J et al.,
2019; Kang DJ et al., 2019). Therefore, the large echo interval
of the Schlumberger proVISION tool likely contributed to the
loss of some small pores filled with clay-bound water,
resulting in a lower NMR porosity in the zone without
hydrates. Therefore, the neutron and NMR porosities were
corrected by reducing by a factor of 0.09 and increasing by a
factor of 0.16, respectively, and the corrected neutron and
NMR porosities matched well with the density porosity above
the gas hydrate zone (Figs. 4b, 4c).

After determining the formation porosity of Site W19, the
authors estimated the gas hydrate saturation from the
resistivity and NMR-density logs, expecting that the gas
hydrate saturation calculated from the NMR-density logs can
match well with that derived from the pore water freshening
data because the gas hydrate concentration calculated from
NMR-density logs is independent of models or parameters.
As shown in Fig. 8b, the gas hydrate saturation estimated
from the NMR agreed well with the core data for most parts
of the gas hydrate zone. However, the average gas hydrate
saturation estimated from the NMR log was approximately
20% lower than that derived from the pore water freshening
data at the interval between 137.2 mbsf and 139.6 mbsf at the
top of the gas hydrate zone. This is believed to be caused by
the inaccurate NMR porosity resulting from the measurement
failure of the ProVISION tool. Therefore, the accuracy of the
gas hydrate saturation derived from the NMR and density logs
mainly depends on the properties of NMR and density logs. In
the case that clay minerals are present in the formation matrix,
the resistivity affected by their high conductivities should be
corrected using the models such as the Waxman-Smits mode
for shaly sands (Waxman MH and Smits LIM, 1968) or the
dual-water model proposed by Clavier C et al. (1984). In this
study, the Simandoux model was used to assess the effects of
the clay in order to derive accurate gas hydrate saturation of
Site W19. As demonstrated in Fig. 7a, the gas hydrate
saturation calculated using the Simandoux model agreed quite
well with the core data of the gas hydrate zone. Fig. 7c shows
the comparison of gas hydrate saturations calculated from the
resistivity and NMR logs. According to this figure, the gas
hydrate saturations were similar at a depth of 132—150 mbsf at
Site W19. However, the gas hydrate saturations estimated
from resistivity and NMR logs showed distinct differences in
their value ranges, which were 0% —65.6% and 0%—53%,
respectively. The possible reason is the proVISION tool did
not work well in this well and resulted in accurate porosity. In
addition, it should be noted that the resistivity of the gas
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hydrate reservoir at Site W19 has alternating high and low
values. Therefore, it is more suitable for these types of strong
saturation heterogeneity due to its higher vertical resolution
(5.08-7.62 cm) than that of the NMR log (50.8 cm).

7. Conclusions

To characterize the gas hydrate reservoirs at Well W19
(which might be an ideal candidate site for potential gas
hydrate production testing in the future), extensive
geophysical logging data were used to obtain accurate mineral
components, accurate porosity, and reasonable gas hydrate
saturations. The following conclusions can be drawn.

(i) The gas hydrate-saturated and free gas intervals have
been identified. The gas hydrate zone has a thickness of about
27 m and a depth interval of about 135-162 mbsf. Meanwhile,
the free gas zone has a thickness of 28 m and a depth interval
of 162—-190 mbsf. The low gamma ray zone recorded by the
LWD is caused by high carbonate content instead of sandy
components according to the core analysis. The mineral
composition calculated from the ECS logging data agrees well
with the core data, and the mineral components mainly
include quartz, carbonate, and clay, the average content of
which is 44.3%, 20.6%, and 33.7%, respectively.

(il)) The average matrix density calculated using ECS-
derived mineral components is 2.72 g/cm® and the determined
density porosity within the gas hydrate-bearing interval varies
in the range of about 45%—-57%, with an average of 51.5%.
The neutron and the NMR porosities must be corrected by
reducing by a factor of 0.09 and increasing by a factor of 0.16,
respectively to make them agree well with the density
porosity.

(ii1) The gas hydrate saturation has been estimated from
the resistivity and NMR logs. The Simandoux model was
used to account for the effects of clay in order to accurately
estimate gas hydrate saturation. Compared to the values
obtained from the NMR logs, the S, values of the upper part
of the gas hydrate zone estimated using the Simandoux model
agree much better with the saturations derived from the
salinity data. The possible reason is that the NMR porosity is
not accurate due to the very sparse NMR signals. In addition,
the vertical resolution of the NMR logs is lower than that of
the resistivity logs. Therefore, resistivity is more suitable for
these types of alternating high and low saturations. The S,
values obtained using the Simandoux model vary in the range
of 0% —65.6%, with an average saturation of 42.7%.
Meanwhile, the highest gas hydrate saturation occurs in the
upper 3 m of the hydrate-bearing zone. The average saturation
of the underlying free gas is 10% as derived from the
resistivity log using the Simandoux model.
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