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In May and July of 2017, China Geological Survey (CGS), and Guangzhou Marine Geological Survey
(GMGS) carried out a production test of gas hydrate in the Shenhu area of the South China Sea and
acquired a breakthrough of two months continuous gas production and nearly 3.1 x 10°> m* of production.
The gas hydrate reservoir in the Shenhu area of China, is mainly composed of fine-grained clay silt with
low permeability, and very difficult for exploitation, which is very different from those discovered in the
USA, and Canada (both are conglomerate), Japan (generally coarse sand) and India (fracture-filled gas
hydrate). Based on 3D seismic data preserved-amplitude processing and fine imaging, combined with
logging-while-drilling (LWD) and core analysis data, this paper discusses the identification and reservoir
characterization of gas hydrate orebodies in the Shenhu production test area. We also describe the
distribution characteristics of the gas hydrate deposits and provided reliable data support for the
optimization of the production well location. Through BSR feature recognition, seismic attribute analysis,
model based seismic inversion and gas hydrate reservoir characterization, this paper describes two
relatively independent gas hydrate orebodies in the Shenhu area, which are distributed in the north-south
strip and tend to be thicker in the middle and thinner at the edge. The effective thickness of one orebody is
bigger but the distribution area is relatively small. The model calculation results show that the distribution
area of the gas hydrate orebody controlled by W18/W19 is about 11.24 km?, with an average thickness of
19 m and a maximum thickness of 39 m, and the distribution area of the gas hydrate orebody controlled by
W11/W17 is about 6.42 km?, with an average thickness of 26 m and a maximum thickness of 90 m.

©2018 China Geology Editorial Office.

1. Introduction

Subsequently, eleven spots for NGH mining were delineated
with a predicted potential of 1.94 x 10'! m* (Zhang HT et al.,

Natural gas hydrate (NGH) is a clathrate compound
composed of natural gas and water under low-temperature and
high-pressure conditions (Sloan ED, 1990), and referred to as
“Fire Ice”, present a high density, wide distribution, huge size
and concealed shallows. The amount of NGH resources is
equivalent to two times the world's total reserves of coal, oil
and natural gas. (Jin QH et al., 2006; Zhang HT et al., 2007).
NGH is widespread in the high-latitude permafrost regions of
China and the shallow sediments of the South China Sea
(SCS) (Li W et al., 2013). The investigation of NGH in China
started in 1999 in the Xisha trough of SCS. In March and June
2007, NGH samples were collected by the Guangzhou Marine
Geological Survey (GMGS) in the Shenhu area of SCS.
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2007). In the second half of 2013, GMGS drilled 13 drilling
sites in the eastern Pearl River mouth basin of the northern
slope, SCS. A large number of NGH samples of various types
(massive, tumorous, stratiform, veined and dispersed) have
been obtained again (Zhang GX et al., 2014; Sha ZB et al.,
2015). In 2015, GMGS drilled in the Shenhu eastern area
again. Two large-scale NGH orebodies were found. And a
small amount of type II NGH was found (Zhang W et al.,
2018; Guo YQ et al., 2017; Zhang W et al., 2017). In May
and July of 2017, GMGS carried out a production test of
NGH in the Shenhu area of SCS and acquired a breakthrough
of two months continuous gas production and nearly 3.1 x 10°
m? of production (Li JF et al., 2018; Ye JL et al., 2018).

The seismic technique is the main method in use for
detecting NGH. A bottom simulating reflector (BSR) on the
seismic imaging section is an obvious sign of the existence of
NGH and can be used for direct identification of NGH (Ma
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ZT et al., 2000; Auguy C et al., 2017). BSR can be identified
on seismic profiles, mainly based on the following features:
(1) simulated seafloor geomorphology; (2) a polarity contrary
to the seafloor reflection; (3) generally crosscut with existing
sedimentary strata (Dewangan P et al., 2014). BSR is also
considered to be the base of the gas hydrate stability zone
(GHSZ), because the isotherms are approximately parallel to
the seafloor, so the bottom of the stable zone is usually
parallel to the seafloor (Song HB et al., 2003; Wang LF et al.,
2017; Horozal S et al., 2017). The appearance of BSR
indicates that there is a difference in impedance. The high
impedance above BSR is explained by NGH, while the low
impedance below BSR is generally explained by free gas (Ma
ZT etal., 2000; Yuan T et al., 1998).

With the amount of NGH increases, the velocities of P-
wave and S-wave increase gradually (Sign S et al., 1993;
Song HB et al., 2001). Therefore, NGH can be identified and
estimated by its seismic velocity. Most of the seismic
prediction methods of NGH originate from this basis
(Carcione J and Tinivella U, 2000; Gei D and Carcione J,
2003; Chand S et al., 2010). Ecker C et al. (2000) predicted
and estimated the distribution and saturation of NGH in the
Black Ridge of North America by stack velocity analysis, and
the saturation is about 12%. Based on this method, Liang J et
al. (2013) also studied the distribution and variation of the
acoustic velocity and the seismic velocity of NGH sediments
in the Shenhu area. Xu HN et al. (2014) used pseudo-well
constrained inversion of post-stack data. The results show that
there are still high-velocity sediments beneath the NGH at
SH7 station in the Shenhu area. Based on the joint data of 3D
high-resolution seismic and ocean bottom seismographics
(OBS), Zhang GX et al. (2014) determined the distribution of
NGH sediments in the Shenhu area by using the S-wave and
P-wave velocity obtained from travel-time inversion. Zhang
RW et al. (2015) analyzed the distribution of NGH sediments
in the Shenhu area by the P-S wave velocity ratios from the
prestack three-parameter simultaneous inversion.

Through the analysis of some research results in the
Shenhu area (Zhang W et al., 2017; Jin JP et al., 2017; Guo
YQ et al, 2017, Su PB et al, 2017), the seismic
characteristics of NGH are described in most literature, but
the description of the hydrate reservoir is still in the
qualitative stage, and the distribution of the reservoir
boundary and thickness is not fine enough to meet the needs
of selection for a production test well. In this paper, with the
constraints of favorable reservoir characteristics (top and
bottom depth, logging response etc.) for production tests,
combined with core analysis data, and the fine distribution
prediction of production tests NGH reservoir can be described
in detail by the model-based impedance inversion (Russell B
and Hampson D, 1991; Zhang RW et al., 2012), which
provides a basis for determining the production test well
location.

2. Characteristics of the gas hydrate
2.1. Geological background

The production test area is located in the middle of the

continental slope of the southeastern Shenhu area, and
northern SCS between Xisha Trough and Dongsha Islands (Su
PB et al., 2014; Fu SY and Lu JA, 2010). The water depth is
about 800 m to 1600 m, and the test area is about 320 km
from Zhuhai city (Fig. 1a). Seamounts, hills, erosion ditches,
downward slope ridges and submarine canyons are the main
types of submarine topography (Fig. 1b). The topographic
features are generally characterized by four valleys and three
ridges (Su PB et al., 2014; Wang JL et al., 2015; Liang J et
al., 2013; Li W et al., 2013). The valley bottom topography is
flat, and part of the bottom topography has obvious
fluctuation. The valley slope is steeper, and the slump is
strong. The topography of the ridges is the most rugged and
the slump is strong. The far end of the valley is flat. The
overall gradient is relatively smooth, with an average of 4.5°
and a maximum gradient of about 38°. The steepest place is
located at the valley slope, and the slowest area is the bottom
of the valley and the distal sedimentary area of the valley. The
castern slope is obviously steeper than the west side. The
range of slope is less than 5° and is mainly distributed in the
valley bottom and the flat area of the ridge. The range of slope
greater than 5° is mainly distributed in the valley slope and
the undulating area of ridge.

The Shenhu production test area is in the second
depression of the Pearl River Mouth Basin. Since the late
Miocene, the main structural activities are faulting, and faults
in this area are generally developed. The faults are most
developed in the Pliocene, and can be divided into three
groups: NE, NW and NE trending, all of which are normal
faults. Quaternary reflective interface faults have an obvious
inheritance from Pliocene faults, but the NE and NE trending
faults are more prominent. This indicates that the NE trending
tectonic forces in the production test area have been
weakening since the Pliocene, mainly showing the modern
tectonic processes such as collapse and slip (Kuang ZG et al.,
2011; Zeng XM et al., 2013; Le1 XM et al., 2009). Some
faults are still in activity and belong to active faults. These
faults play a major channel role for fluid migration in the
bottom source rocks. In the later stage, a large number of
diapir structures were formed in the middle of the depression
due to compression. The submarine diapir and oil source
faults together become the main channels for fluid migration
(Gong YH et al., 2009). Fig. 2 is the fracture, diapir structure
and BSR reflection characteristics in the Shenhu production
test area.

2.2. Characteristics of the production test deposit

According to the logging interpretation and the results
from the core analysis of SHSC-4, the NGH reservoir is
distributed between 201-236 mbsf, and there is associated
free gas below. The reservoir lithology is clayey silt, whereas,
the mean effective porosity is 35%, the mean hydrate
saturation is 34%, and the mean permeability is 2.9 mD. The
high content of clay minerals results in high bound water
concentration of more than 65%, the mean median grain size
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Fig. 1. Gashydrate environments effect on survey areas, the production test location (a, modified from Li JF et al., 2018) and topography (b) in SCS.

of the sediments is about 12 pum. The minerals are mainly
quartz-feldspathic (53%), carbonates (16%) and clay minerals
(26%—-30%), which are mainly montmorillonite and illite (Li
JF et al., 2018).

3. Data and BSR
3.1. Seismic data

The acquisition of pseudo-3D seismic data from single
source and single cable was completed by the “Fengdou Si”

vessel of GMGS from April to June 2008, which lasted 59
days. 283 three-dimensional (3D) multi-channel seismic lines
with 50 m spacing were completed, totaling 4171.1 km and
covering an effective area of 159.75 km?. The number of
cables are 192, the spacing of cables is 12.5 m, the spacing of
guns is 25 m, the minimum offset is 125 m, the sampling rate
is 1 ms, the recording length is 5 s, and the original panel size
is 12.5 m x 50 m. The original seismic data contains strong
background noise interference, but the frequency band is
wider. The frequency bandwidth analysis with —20 dB shows
that the high frequency can reach 150 Hz and the main
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Fig. 2. Diapir structure and faults in the seismic profile.

frequency is about 70 Hz. Noise types mainly include: swell
noise, large-value interference, linear interference and
multiples.

Before the prediction of NGH reservoirs, pseudo-3D
seismic data have been processed by background noise
suppression, complex multiples attenuation, deconvolution,
bin regularization, grid tomographic velocity modeling and
prestack depth migration. Using 2—4 Hz low-cut filtering and
abnormal amplitude attenuation (AAA) technology, the
background noise can be suppressed better, and the effective
reflection signal can be highlighted with amplitude
preservation. Surface related multiple elimination (SRME),
deconvolution, high precision Radon transform and frequency
division attenuation diffraction multiples (Zhang RW et al.,
2016) are combined to attenuate various complex multiples
and improve the signal-to-noise ratio. Based on the grid
tomography and prestack depth migration technology, high
precision velocity model and seismic imaging effects are
obtained.

3.2. Characteristics of BSR

BSR is a negative reflection coefficient, which reveals that
the negative acoustic impedance reflectivity is generally due
to the presence of a small amount of NGH in the sediments
and the presence of low-velocity free gas zones underlying the
sediments, or the presence of irregularly distributed high-
velocity hydrate sediments, and the underlying strata are
saturated sediments with background velocities. The velocity
models represent two different NGH formations. The former

model predicts the existence of free gas under BSR, which is
generally called the “free gas model”, while the latter model
predicts the characteristics of NGH enrichment near BSR,
which can be called the “hydrate wedge model” (Katzman R
et al., 1999; Song HB et al., 2003).

The NGH reservoir zone in the Shenhu area of SCS is
characterized by strong BSR at the bottom, amplitude-
enhanced reflector (gas accumulation area) below the BSR
(Fig. 3). Faults develop at the bottom, which is favorable for
gas migration and accumulation of gas hydrate stable regions.
BSR is distributed around CDP # 2290—2730 and the BSR is
about 250 m from the seafloor. The amplitude is relatively
continuous and strong, but the distribution range is relatively
small. Below the BSR, there are strong energy reflection
amplitudes formed by free gas, and a fault and reflection
blurred area (gas migration channel) in the lower part,
indicating that NGH in this area is the typical “free gas
model”.

Also, the occurrence of NGH and free gas in this area can
be reflected by the AVA (amplitude varying with incident
angle) characteristics of BSR (Ecker C et al., 1998; Zhang
RW et al., 2011; Ehsan MI et al., 2016). Fig. 4 shows the
seismic migration stack section, common imaging gathers and
AVA characteristics of BSR. The characteristics of BSR on
the seismic migration stack section are relatively clear and
continuous and traceable, which is very similar to the
topography of the seafloor, and also have obvious
characteristics of cut cross with existing sedimentary strata
(Fig. 4a). BSR shows the characteristics of medium strong
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Fig. 3. The BSR features in the seismic profile across the station SH-W17-2015.
amplitude energy, strong continuity and negative polarity attenuation profile of station SH-W11-2015. Obvious

(Fig. 4a, 4b). The AVA characteristics of BSR extracted from
common image gathering show that the relative amplitude
decreases with the increase of the incident angle, which is the
AVA characteristic of type IV (Fig. 4c). This indicates that
the contribution of NGH to BSR is relatively large. According
to the results of pore water desalination near the drilling site
(SH-W18-2015), the maximum saturation of NGH is 63%,
and the average value is above 40%. The saturation of free
gas in the underlying formation of BSR interpreted by logging
is about 7%.

The presence of BSR is generally interpreted as NGH.
Still, current studies have shown that there is no direct
relationship between NGH and BSR (Yang R et al., 2013), in
other words, the presence of NGH has also been found in
areas without BSR (for example, the Gulf of Mexico).
Seismic attenuation is another method for identifying hydrate
and free gas. NGH and free gas sediments with a certain
thickness and saturation will cause strong attenuation of high
frequency components of seismic data (Guerin G and
Goldberg D, 2013; Zhang RW et al., 2016; Nittala S et al.,
2017; Kumar J et al., 2018). By choosing the appropriate
frequency spectrum decomposition algorithm, seismic data
are divided into frequency processing, and the reflection
energy of the formation near BSR is observed in different
frequency domains. It can accurately detect the high
frequency attenuation characteristics of hydrate and free gas
sediment, so as to find the favorable development areas of
hydrate and free gas. Fig. 5 is a high-frequency seismic

attenuation characteristics are shown in the up and down of
the BSR. The thickness of gas hydrate layer corresponds well
with the high-frequency attenuation.

4. Gas hydrate inversion
4.1. Logging data analysis

Before seismic inversion, it is necessary to normalize and
analyze logging-while-drilling (LWD) data in the production
test area to confirm whether the NGH reservoir section has
obvious wave impedance anomalies. Fig. 6 shows the well
logging curve of station SH-W11-2015 and the distribution of
NGH saturation. The saturation value comes from the chloride
ion desalination analysis data of pore water. NGH occur
roughly between 1426—1507 m in distribution. The thickness
of gas hydrates is about 81 m. The average gas hydrate
saturation is about 34% and the maximum gas hydrate
saturation is 53%. In the region of NGH distribution, the
characteristics of the resistivity curve increase, acoustic and
shear wave slowness are obvious.

Combined with the analysis results of the LWD data, the
acoustic wave impedance of the GH reservoir is obviously
different from that of the non-gas hydrate reservoir.
According to the wave impedance histogram, when the wave
impedance value is greater than 2970 m/s-g/cm’, the NGH
reservoir is dominant (Fig. 7). It shows that the wave
impedance can effectively distinguish the NGH reservoir from
the non-hydrate reservoir. It also shows that the wave
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impedance inversion is credible to predict the distribution of
NGH.

4.2. Method and results

Different methods can be used for the wave impedance
inversion of post-stack seismic data, such as band-limited
inversion, sparse spike inversion and model-based inversion,
etc. (Riedel M and Shankar M, 2012). Band-limited
impedance inversion uses the classical recursive inversion
algorithm, but ignores the influence of seismic wavelet,
simply regards seismic trace as a group of reflection
coefficients and adds low-frequency components from
logging curves. The sparse spike inversion method takes the
reflectivity as a minimum series of spikes until the matching
accuracy of the seismic trace is sufficient, but its result is too
simple to model. Although it can well meet the seismic data,
the result is usually a single geological law. The model-based
inversion uses a generalized linear inversion algorithm, which

tries to modify the initial model until the synthetic record
matches the seismic trace within an acceptable range (Russell
B and Hampson D, 1991). This method has certain knowledge
of geological conditions and can establish reliable models.

In this paper, the model-based inversion method is used.
The initial model is derived from four LWD data (SH-W18-
2015, SH-W19-2015, SH-W11-2015 and SH-W17-2015) and
accurate horizon interpretation information. The model-based
inversion needs to calibrate the target horizons with the initial
Ricker wavelet firstly. On the basis of the well-seismic
calibration, the seismic wavelet is extracted from the seismic
data and well curves, and the synthetic seismic records are
reproduced with the wavelet, and the time-depth relationship
is constantly revised so that the synthetic seismic records and
the bypass seismic data can be reached.

According to the wave impedance inversion results of the
station SH-W17-2015 and SH-W11-2015 (Fig. 8 and Fig. 9),
the vertical distribution of NGH coincides with the actual

SH-W11-2015

CDP 2100 2400

2200

2300

Time/ms
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Fig. 5. Seismic high-frequency attenuation attribute profile of station SH-W11-2015.
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Fig. 6. Logging curve and the hydrate saturation distribution of station SH-W11-2015.

drilling. The NGH reservoir thicknesses of SH-W17-2015 and
SH-W11-2015 wells are 30 m and 81 m respectively. NGH
reservoirs are distributed continuously in the form of a flying
saucer, which is a favorable distribution area of NGH.

5. Gas hydrate reservoir distribution

According to the impedance inversion results of model-
based inversion, the top and bottom interfaces of NGH
reservoirs are traced and characterized carefully, and the
planar distribution maps of the two NGH reservoirs in Fig. 10
are obtained. There are mainly two NGH orebodies in the
Shenhu production test area, one of which is mainly
controlled by the drilling sites SH-W18-2015 and SH-W19-
2015 (marked No.l NGH orebody), the other is mainly
controlled by drilling sites SH-W11-2015 and SH-W17-2015
(marked No.2 NGH orebody). All of them are characterized
by a nearly north-south striped distribution and are
characterized by an intermediate thickness and thin edges.
The overall thickness of the No.l NGH orebody is much
lower than the No.2 orebody, but its distribution area is wider.

By calculating the distribution area and average effective
thickness of the hydrate reservoir, the distribution area of the
No.1 NGH orebody controlled by W18/W19 is about 11.24
kmz, the average effective thickness is 19 m, and the
maximum thickness is 39 m; the distribution area of the No.2
NGH orebody controlled by W11/W17 is about 6.42 km?, and
the average effective thickness is 26 m, the maximum
thickness is 90 m (Fig. 10).

In terms of the occurrence scale of NGH, the two
orebodies are basically the same, but because NGH in the
production test area is hosted in clayey silt, the permeability
of the sediment is very poor, and the prediction of the
influence of the production test on the decomposition of the
scope will not be too large. Therefore, the thickness of the
NGH orebody, rather than the distribution area, will be
considered first. From this point of view, the No.2 NGH
orebody will be better than the No.1 orebody.

6. Discussion

The drilling results of well Mallik 5L-38 in the Mackenzie
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Delta of Canada (Collett TS et al., 2009; Dallimore SR and
Collett TS, 2005; Zhang XH et al., 2014) show that the
lithology of NGH reservoir is thickly-layered sandstone
interbedded with conglomerate and siltstone layer. The
saturation of NGH is from 50% to 90%, the porosity is about
40%, and the permeability is from 100 mD to 1000 mD.

The lithology of the drilled samples on the north slope of
Alaska is mainly thick-layered sandstone. The porosity of the
sediments is 40%, the absolute permeability is 1000 mD and
the hydrate saturation is about 70% (Anderson B et al., 2014;
Schoderbek D and Boswell R, 2011; Zhang XH et al., 2014).

According to the first NGH production test in the Nankai
Trough of Japan, the lithology of the NGH reservoir is the
interbedding of coarse sand and silt. The saturation of NGH is
from 60% to 80%, the porosity is from 40% to 50%, and the
permeability is from 47 mD to 840 mD (Fujii T et al., 2015).

Well logs from the Green Canyon 955 H (GC955-H) in

CDP 2475 2500 2525 2550

the northern Gulf of Mexico (GOM) well indicate that there
are two types of gas hydrate reservoirs encountered in this
well. One type is the fracture-filling gas hydrate in clay-
bearing sediments with anisotropic physical properties (the
average gas hydrate saturations of about 20%) and the other is
pore-filling gas hydrate in sands with assumed isotropic
physical properties (the saturation reaches about 70%) (Lee
MW and Collet TS, 2012).

NGH was discovered in the Krishna-Godavari (KG) Basin
during the India National Gas Hydrate Program (NGHP)
Expedition 1 at Site NGHP-01-10 within a fractured clay-
dominated sedimentary system. NGH saturations are greater
than 50% (as high as 80%) of the pore space for the depth
interval between 25—160 m below the seafloor (Lee MW and
Collet TS, 2009, Riedel M et al., 2010).

Boswell R (2009) proposed a “Gas Hydrates Resource
Pyramid ” model, described qualitatively the positive
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Fig. 8. Impedance inversion profile of inline in the station SH-W17-2015.
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Fig. 10. The thickness distribution map of two gas hydrate deposits in the production test area of the Shenhu area.

correlation between various types of NGH reservoir resource
potential and the difficulty of exploitation, pointed out the
direction for the production of NGH. From the top to the
bottom of this pyramid, the resource potential of all kinds of
reservoirs increases gradually, but the resource grade
decreases gradually, the reliability of resource prediction
decreases correspondingly, the difficulty of exploitation
increases correspondingly, and the recoverable efficiency
decreases gradually (Wu NY et al., 2017). For the pyramid, it
is difficult to exploit NGH from low to high, which are

conglomerate reservoirs (Canada, Alaska), sandy reservoirs
(Japan, MOG), permeable clay reservoirs (containing
structural, fracture-filled NGH) (India, MOG), cold seep-
related massive reservoirs and non-permeable clay reservoirs
(China). Because of the low saturation and permeability, the
NGH reservoir in the Shenhu area of China, is very difficult
for exploitation, which is very different from those production
test areas in the USA, Canada and Japan (Li JF et al., 2018)
(Fig. 11).
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Fig. 11. The cartoon of reservoirs from global production test deposits (modified from Li JF et al., 2018).

7. Conclusions

According to research and comparison, the NGH reservoir
in the Shenhu area, is mainly composed of fine-grained clay
silt with low permeability, and very difficult for exploitation,
which is very different from those discovered in the USA,
Canada, India, MOG and Japan.

Wave impedance is the best attribute to distinguish NGH
reservoirs from marine sediment. Based on the model-based
seismic impedance inversion method, the initial impedance
model is constructed by using the impedance data of LWD
and the horizon interpreted by borehole seismic calibration,
and the final impedance inversion result is achieved after
several iterations.

There are mainly two NGH orebodies in the Shenhu
production test area, which are distributed in a north-south
direction and tend to be thicker in the middle and thinner at
the edge. One orebody is thicker, but its area is narrower.
Combined with the lithologic of the NGH reservoir, it has
poor permeability. Therefore, the thickness of gas hydrate
should be considered first in the production test, not the
distribution area, when selecting the NGH orebody, and the
hydrate orebody controlled by W11/W17 is better than that
controlled by W18/W19.
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