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A B S T R A C T

Physical properties of the sediment directly overlying a gas hydrate reservoir provide important controls on the
effectiveness of depressurizing that reservoir to extract methane from gas hydrate as an energy resource. The
permeability of overlying sediment determines if a gas hydrate reservoir's upper contact will provide an effective
seal that enables efficient reservoir depressurization. Compressibility, stiffness and strength indicate how
overlying sediment will deform as the in situ stress changes during production, providing engineering data for
well designs. Assessing these properties requires minimally-disturbed sediment. India's National Gas Hydrates
Program Expedition 2 (NGHP-02) provided an opportunity to study these seal sediment properties, reducing
disturbance from gas exsolution and bubble growth by collecting a pressure core from the seal sediment just
above the primary gas hydrate reservoir at Site NGHP-02-08 in Area C of the Krishna-Godavari Basin. The
effective stress chamber (ESC) and the direct shear chamber (DSC) devices in the suite of Pressure Core
Characterization Tools (PCCTs) were used to measure permeability, compressibility, stiffness and shear strength
at the in situ vertical stress. Geotechnical properties of the predominantly fine-grained seal layer at in situ
vertical stress are in typical clay sediment ranges, with low measured permeability (0.02 mD), high compres-
sibility (Cc=0.26–0.33) and low shear strength (404 kPa). Though pressure and temperature were maintained
throughout the collection and measurement process to stabilize gas hydrate, the lack of effective stress in the
pressure core storage chamber and the chamber pressurization with methane-free water caused core expansion
and gas hydrate in a thin coarser-grained layer to dissolve. The PCCTs can reapply in situ stress with incremental
loading steps during a consolidation test to account for sediment compaction. Gas hydrate dissolution can be
limited by storing cores just above freezing temperatures, and by using solid spacers to reduce the storage
chamber's free volume.

1. Introduction

Gas hydrate, which is most commonly found in nature as methane
gas hydrate, is a crystalline solid composed of guest molecules (such as
methane) in individual cages of water molecules (Sloan and Koh, 2007).
In the marine environment, methane hydrate is stable at the low tem-
peratures and high pressures found in continental slope and basin se-
diments. For the methane in gas hydrate to be economically viable as an

energy resource, however, gas hydrate must occur within a geologic
reservoir structure capable of collecting, concentrating and retaining a
significant volume of methane (Kvenvolden, 1993; Collett et al., 2009).

India's National Gas Hydrate Program Expedition 02 (NGHP-02)
brought together seismic profiling, logging while drilling (LWD), in-situ
testing and conventional/pressure core analyses to locate and study a
variety of potential geologic reservoir structures, targeting gas-hydrate-
bearing coarse-grained sediments offshore eastern India (See details in
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Collett et al., 2019; Kumar et al., 2019; Shukla et al., 2019b). In Area C
(Fig. 1), NGHP-02 identified gas hydrate reservoirs in a series of linked
channel, levee and fan deposits along the mid-to-lower continental
slope and floor of the Krishna Godavari Basin (Collett et al., 2019;
Kumar et al., 2019; Shukla et al., 2019a). Of the four Area C sites that
were pressure-cored, NGHP-02-08 and −09, characterized by levee
deposits on either side of a buried channel, contained high gas hydrate
saturations (Collett et al., 2019; Nanda et al., 2019; Waite et al., 2019).
In particular, NGHP-02-09 was found to have coarse-grained hydrate-
bearing sediments and also coarse-grained water-bearing sediments
with an overall thickness of several tens of meters. This reservoir was
modeled to assess its potential as an energy resource (Boswell et al.,
2019a; Moridis et al., 2019).

Successfully extracting methane from a gas hydrate-bearing re-
servoir hinges in part on the properties of the overlying seal layer, and
specifically, properties that evolve during production from the lower
reservoir interval. In this study, the seal sediment's main geotechnical
properties are measured: vertical permeability, compressibility, and
shear strength. Vertical permeability is a critical parameter because low
permeability seal sediment overlying a reservoir allows the reservoir to
be more effectively depressurized to release methane (Ajayi et al.,
2018). More generally, an effective overlying seal limits adverse effects
on marine environments due to gas leakage through the seafloor
(Dickens, 2001; Bohannon, 2008; Ruppel and Kessler, 2017).

Quantifying the seal's compressibility and strength are also im-
portant for engineering the production well to accommodate how se-
diment shifts with respect to the well casing during production. Though
production is likely to be accomplished via a pore-pressure decrease
that would favor increased effective stress and a resulting sediment
compression, the response of the seal sediment to local changes in the

stress field is not necessarily always compressive (e.g. Lin et al., 2019).
To accommodate the various possibilities for the stress-field evolution,
compressibility tests run here also include the sediment response to a
reduction in the effective stress and a reapplication of the effective
stress.

Measuring these reservoir properties over the evolving stress con-
ditions during production requires direct manipulation of minimally-
disturbed sediment. Given the potential significance of the levee deposit
gas hydrate reservoirs tested at NGHP-02-08 and −09, a pressure core
was collected from the fine-grained, overlying sediment in contact with
the coarse-grained reservoir at NGHP-02-08. Sites NGHP-02-08 and
−09 have also been characterized based on seismic reflection data,
LWD data, and shipboard and post-cruise sediment analyses, which
provide geological and lithological information about the gas hydrate
reservoir as well as the overburden and underlying sediments (Collett
et al., 2019; Waite et al., 2019).

Although sediment disturbance still occurs during the pressure core
collection (Dai and Santamarina, 2014), the capacity for pressure cores
to preserve sediment at nearly in situ pore pressures allows gas hydrate-
bearing sediment to be recovered intact. Even for sediments lacking gas
hydrate, pressure coring ensures sediment is recovered without dis-
rupting the fabric via gas exsolution and bubble expansion (Johns et al.,
1982; Schultheiss et al., 2006). Due to technological advances made in
pressure coring systems based on experiences from past drilling pro-
grams, pressure core analysis tools are now being more routinely de-
ployed in conjunction with gas hydrate expeditions in the U. S. (Yun
et al., 2006), India (Yun et al., 2010), Korea (Yun et al., 2011) and
Japan (Priest et al., 2015; Santamarina et al., 2015; Yoneda et al., 2015,
2017; 2018 a; b; c). Post-recovery analytical capabilities for pressure
cores have improved and expanded to enable reliable and systematic

Fig. 1. India National Gas Hydrate Program (NGHP) site map, including drill site locations from the 2006 NGHP-01 and 2015 NGHP-02 expeditions (Collett et al.,
2019; Kumar et al., 2019). Inset: Area C (upper right cluster of NGHP-02 sites) included coring through coarse-grained, gas hydrate-bearing sediment in a channel
deposit (NGHP-02-07), levee deposits (Sites NGHP-02-08 and −09), and fan deposits (Site NGHP-02-05). This work analyses pressure-core sediment from the fine-
grained seal above the coarse-grained levee deposits at Site NGHP-02-08 (inset site highlighted in yellow). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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measurement of physical, biological and geomechanical properties
(reviewed by Boswell et al., 2019b; Dai et al., 2017).

This study utilizes the Effective Stress Chamber (ESC) and Direct
Shear Chamber (DSC), which are part of the Pressure Core
Characterization Tools (PCCTs) developed at the Georgia Institute of
Technology (GaTech) and are now operated at the U. S. Geological
Survey in Woods Hole. This work describes PCCT tests run on four
subsections of the seal sediment pressure core from NGHP-02-08 at ef-
fective stresses ranging from in situ to ∼10MPa. After sediment was
depressurized and the PCCT operations were concluded, three subsec-
tions from this pressure core were sent to GaTech for additional per-
meability, compressibility and stiffness testing at effective stresses up to
∼25MPa (Dai et al., 2019; Kim et al., 2019). Such high effective
stresses are needed to simulate the projected reservoir depressurization
requirements for extracting methane as an energy resource from these
deepwater settings (Boswell et al., 2019a; Myshakin et al., 2019).
Pressure core studies from coarse-grained NGHP-02 sediments carried
out at the National Institute of Advanced Industrial Science and Tech-
nology (AIST) in Sapporo, Japan, are described by Yoneda et al.
(2019a,b,c) and Oshima et al. (2019).

2. Pressure core NGHP-02-8Be30P: a seal layer from site NGHP-
02-08 in area C

Seismic reflection data (Fig. 2) shows a buried channel-levee system
in Area C, with Sites NGHP-02-08 and −09 penetrating levee deposits

on either side of the channel. At Site NGHP-02-08, the seismic images
contain a strong peak amplitude reflection at ∼2420m below sea level
(mbsl), or ∼252m below seafloor (mbsf). This reflector is inferred to be
the target coarse-grained levee deposit (Collett et al., 2019; Shukla
et al., 2019a,b). In the levee deposits, the major lithologic components
are gravel, gravelly mud, and fine to coarse sand, intercalated with silty
clay. Based on the LWD results from Hole NGHP-02-08A (Collett et al.,
2019) the inference is made that, primarily between 246.8 and 272.0
mbsf, these coarse-grained sediments contain pore-filling gas hydrate
that has formed interconnected networks within the existing pore
space. The overlying fine-grained sediment hosts gas-hydrate-filled
fractures in microfossil-rich clay sediments between 75 and 103 mbsf.

Pressure core NGHP-02-8Be30P was recovered from Hole NGHP-
02-08B, located 15m northwest of the LWD hole (Kumar et al., 2019).
Had the core been collected from the LWD hole, the core recovery depth
246.7 to 247.8 mbsf (or 2414.2 to 2415.3 mbsl) would have bridged the
seal/reservoir transition into highly gas hydrate-saturated reservoir
sediment at ∼247 mbsf. At Hole NGHP-02-08B, however, the top of the
primary gas hydrate reservoir appears deeper, below the 248.1 mbsf
depth at the base of core NGHP-02-8Be30P (Fig. 2). From shipboard
visual core descriptions of adjacent sediment, this portion of the seal
layer is lithologically characterized by gray to olive-black clayey silt
with wavy or lenticular fine sand laminations. Quartz content is low,
clay content is high, and pelagic microfossils are rare.

Pressure core scans of bulk density, compressional wave velocity
(Vp) and X-ray images, Fig. 3, support the inference that pressure core

Fig. 2. Seismic reflection profile and geological structure for Sites NGHP-02-08 and −09 in Area C. Sites NGHP-02-08 and −09 penetrate the coarse-grained, sand-
rich levee sediment (yellow) on either side of the buried channel. Further from the channel, the levees become coarse-grained, silt-rich sediment (orange). The total
depths for boreholes at Sites NGHP-02-08 and −09 are 374 mbsf and 270 mbsf, respectively. Site NGHP-02-08 penetrates the base of the gas hydrate stability zone
(BGHSZ, Collett et al., 2019), estimated to be at 323 mbsf (Collett et al., 2019; Waite et al., 2019). Two gas hydrate morphologies were observed at these sites: gas
hydrate filled fractures in fine-grained sediment (green intervals to the right of the hole location) and pore-filling gas hydrate in the coarser-grained sediment (blue
intervals) (Collett et al., 2019). The seal sediment tested in this work comes from pressure core NGHP-02-8Be30P, taken from just above the primary pore-filling gas
hydrate interval. Site NGHP-02-08 water depth is 2167.5m. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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NGHP-02-8Be30P is mostly uniform over its length, particularly over
the tested subsections (defined in Fig. 3). Density results, though es-
sentially uniform along the length of the tested portion of the core, are
offset from each other. While a portion of this offset may be due to core
expansion during storage, it is not known the extent to which the
density difference are due to calibration differences between the two
instruments.

Shipboard P-wave velocity measurements conducted through the
core liner using the Pressure Core Analysis and Transfer System
(PCATS, Holland et al., 2019) capture VP > 2000 m/s at 247.6 mbsf,
implying the presence of a thin gas hydrate occurrence. Even though
the core was stored and transferred at low temperature (∼5 °C) and
high pressure (∼20MPa), conditions well within the gas hydrate sta-
bility zone (∼4.3–5MPa at 5 °C, depending on salinity as predicted by
the CSMGem model (Ballard and Sloan, 2004), the VP peak is absent in
the scan performed a little over a year later. Correspondingly, gas hy-
drate is visible as a thin, horizontal white band on the shipboard PCATS
X-ray image, but not on the AIST X-ray image. The pressure cores were
stored using fresh, methane-free water as the pressure medium, so the
loss of gas hydrate is likely due to gas hydrate dissolution in the water
during long-term storage. Gas hydrate dissolution could be considered a
new long-term sampling disturbance in which the gas hydrate content
decreases during pressure core storage even when storage chamber
parameters are well within the gas hydrate stability conditions.

3. Experimental methods: pressure core characterization tools,
PCCTs

The PCCTs were designed to perform physical, geotechnical and
biological experiments via direct manipulation of the pressure core
sediment (Santamarina et al., 2012, 2015). For this study, we used the
effective stress chamber (ESC) and the direct shear chamber (DSC) of
the PCCTs to measure permeability, compressibility and shear strength,
and to quantify how the fluid flow and deformation behavior of the seal
sediment would evolve while methane was being extracted from the
underlying reservoir. The ESC and DSC are shown schematically in
Fig. 4. The core sub-section length for the DSC is ∼16 cm and for the
ESC, ∼6 cm (Table 1). The nominal core diameter is 50.8 mm (2 in.).

Each test has two stages. During stage 1, PCCT experiments before
depressurization, pore pressures are maintained at 10MPa or above
with syringe pumps (ISCO pumps 500D), and the chambers are oper-
ated in a refrigerated room (∼4 °C) to preserve the in situ phases, such
as gas hydrate. These conditions are well within even the conservative
gas hydrate stability field boundary of ∼4.5MPa predicted by CSMGem
in the presence of seawater at that temperature. In stage 2, experiments
after depressurization, the pore pressure is reduced to atmospheric to

dissociate any gas hydrate present in the system. The stage 1 test se-
quences can then be repeated, but with atmospheric pore pressure.
Because of the low pore-pressure, stage 2 testing can reach higher
vertical effective stress (up to ∼10MPa) than can be obtained during
stage 1.

3.1. Effective stress chamber, ESC: vertical permeability and compressibility

The ESC is equipped with a membrane frame to house a flexible
rubber jacket that becomes the specimen's cylindrical boundary
(Fig. 4a). With the top plunger contacting the specimen, the specimen is
held top and bottom against porous stones, and a confining pressure can
be applied to the outside of the membrane so the ESC can conduct a
type of flexible wall permeability test (refer to ASTM D5084 (2010)).
The ESC membrane cell has a gap of less than 1mm between the rubber
jacket and the surrounding steel wall. Though it is anticipated that
vertical loading of the specimen causes the specimen to expand laterally
and become confined as in a rigid-walled chamber, the flexible rubber
jacket and modest confining pressure (maximum 50 kPa) ensure there is
no preferential vertical flow along an open boundary on the specimen's
cylindrical surface. Unless otherwise stated, “permeability” in this work
is understood to mean “vertical permeability” with respect to the in situ
geometry.

Using the ESC's vertical loading system, the in situ vertical stress is
restored in several steps to prepare for the permeability and 1-D in-
cremental loading consolidation tests (compressibility). The vertical
stress (σv) applied to the specimen is F/A-uc, where F is the vertical
force, A is the specimen area, and uc is the water pressure in the
chamber (not the actual transient pore pressure). For the permeability
test at an in situ vertical stress of 2MPa, a constant differential pressure,
Δp, is applied between the porous stones at the top and bottom of the
specimen (Fig. 4). Differential pressures of 100, 200 and 300 kPa are
used. The confining pressure on the rubber jacket is set to 50 kPa higher
than the inlet pressure during the flow tests. Following the permeability
test at the in situ stress state, the vertical stress can be increased in steps
to perform a consolidation test along the specimen's virgin compression
curve. Regardless of whether the gas hydrate is present in the subsec-
tion, each specimen undergoes depressurization, which is conducted
while maintaining a constant 2MPa vertical stress. Permeability and
consolidation tests on depressurized specimens are repeated if neces-
sary. With the pore pressure released, the specimen can be taken to
higher effective stresses to extend the range of the compressibility test.

Of the four subsections that were cut from pressure core NGHP-02-
8Be30P for the ESC, two subsections-2 and -4 (the locations are given
in Fig. 3) are discussed here. Subsection-3 was shortened too much
during the initial consolidation steps to conduct tests in the ESC, so this

Fig. 3. Core logging information of pressure core
NGHP-02-8Be30P from shipboard measurements
using PCATS (Holland et al., 2019) and Pressure core
Nondestructive Analysis Tools (PNATs) at AIST
(Oshima et al., 2019). Gamma density profile in-
dicates this seal-sediment core has a uniform li-
thology. At 247.6 mbsf, inferred fracture-filling gas
hydrate in PCATS measurements is not apparent in
PNATs measurements ∼1 year later. Note that core
images are presented here with the deeper portion at
the bottom, but the cores are stored vertically in the
opposite direction. Vertical storage allows gas hy-
drate-bearing fractures to close if gas hydrate dis-
solves. Pressure core nominal diameter is 50.8mm (2
in.). The core is collected in a plastic liner (O.D.
59.6mm and I.D. 53.6mm), and the inside diameter
of the storage chamber is 65mm. Subsections were
cut starting from the base of the core, and are listed
numerically in the figure along with the testing de-

vice that was utilized (DSC=Direct Shear Chamber, ESC=Effective Stress Chamber, GT= tested at Georgia Institute of Technology after depressurization).
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material was packaged and sent to GaTech for additional study. Sub-
section-7 suffered a technical failure during the transfer into the ESC,
and no data were recorded.

Subsection-2. Following a permeability test at 2MPa vertical stress,
1-D incremental loading consolidation was conducted up to 6MPa, then
the sample was unloaded to 2MPa for depressurization and dissocia-
tion. The consolidation time for each change in vertical load was al-
lowed to run longer than 15min, during which time elastic compression
was completed, but the specimen was not fully consolidated (at least
40% consolidation was obtained, as determined from the coefficient of

consolidation described in Section 4.1). Permeability tests were con-
ducted at 2MPa and 6MPa vertical stress before dissociation, and
2MPa after dissociation, with no confining pressure due to the rubber
jacket having been punctured. At 6MPa vertical stress, the specimen
had consolidated enough to reduce permeability to a level for which
flow could only be obtained with Δp=300 kPa, the maximum pressure
difference allowed by the differential pressure gauge. The permeability
measurement at 2MPa after depressurization could not be completed
because no flow could be detected even with Δp=300 kPa. Following
depressurization, a consolidation test was conducted from 2MPa to

Fig. 4. Experimental configurations of (a) the
Effective Stress Chamber, ESC, used for compressi-
bility and permeability measurements and (b) the
Direct Shear Chamber, DSC, used for compressibility,
shear strength and compressional wave velocity, Vp.
Both tools operate within a load frame connected to a
central plunger (blue vertical rod contacting the
sample through an instruments cap) that passes
through the tool's large ball valve to contact and
apply vertical stress to the specimen (brown cy-
linder). Specimen dimensions are tracked with linear
voltage displacement transducers, LVDT, and tem-
peratures are tracked with thermocouples, T. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web ver-
sion of this article.)

Table 1
Subsections of pressure core NGHP-02-8Be30P and experimental results from ESC and DSC (subsection numbers refer to Fig. 3).

Subsection No. 1 2 4 6

subsection length
by depth [mbsf]

247.63–247.8 247.56–247.63 247.45–247.51 247.12–247.28

measurement chamber DSC ESC ESC DSC

consolidation indices Cc 0.289 0.328
0.224a

n/a 0.262

Cs 0.023 0.062
0.028a

n/a 0.003

Cr n/a 0.081a n/a n/a
vertical permeability at 2MPa n/a 1.20× 10−17 m2 (0.012 mD) 1.22× 10−17m2 (0.012 mD) n/a

at 6MPa 4.64× 10−18 m2 (0.005 mD) n/a

a After depressurization.
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9.2MPa vertical effective stress, with several loading steps, then the
vertical effective stress was returned to 2MPa to compare the com-
pressibility to that before depressurization.

Subsection-4. A slow set of consolidation steps was conducted up to
the 2MPa in situ vertical stress, where permeability tests were per-
formed. Each loading step was maintained until displacement became a
plateau, indicating consolidation completion. After the permeability
test, the gas hydrate in the specimen was dissociated at the in situ ef-
fective stress to preserve the sediment fabric. The specimen was then
packed for transfer to GaTech for horizontal and vertical permeability
tests as well as additional consolidation tests at high vertical stress (see
details in Dai et al., 2019; Kim et al., 2019).

3.2. Direct shear chamber, DSC: shear strength and compressibility

A DSC specimen is transferred into the DSC such that the specimen
extends through a thick-walled shear ring (53.6mm inner diameter;
53.59mm height, 16.7 mm wall thickness), between the upper plunger
and the bottom endcap (Fig. 4b). Similar to the ESC, the DSC vertical
loading system applies vertical stress to the sample through the plunger
for a consolidation test. The plunger and endcap are equipped with
temperature sensors as well as compressional-wave transducers for
measuring Vp. A direct shear test can be conducted by horizontally
moving the shear ring in the middle of the specimen to generate a
double-sided direct shear. For the shear test at 2MPa in-situ vertical
stress, the horizontal loading system controlled with an ISCO pump
(500D) displaces the shear ring containing the middle section of the
specimen by 10mm (Fig. 4b) at a rate of 1.19mm/min. At this rate, the
test is considered an undrained shear test (Lambe, 1951). After resetting
the shear ring, additional shear tests can be run at higher vertical stress
after further consolidating the specimen. The additional consolidation
moves the sheared interfaces down, allowing fresh sediment to be
sheared in a subsequent test. If the additional consolidation does not
reduce the specimen height, repeated shear tests will occur on the same
shear planes, and results will reflect the sediment's residual shear
strength. The specimen height is tracked by an LVDT (Fig. 4b), and a
decrease in height will correspond to a decrease in void ratio (Fig. 5b).
Void ratio (e) is the volume ratio of void (non-sediment) volume to solid
volume in the soil, and porosity (n) is the volume ratio of void volume
to total volume of the soil. The two parameters are related by n= e/
(1 + e). The P-wave measurements are reported for each consolidation
step as well as before and after each shear test. As with the ESC, the
specimen was dissociated via depressurization while holding vertical
stress constant at 2MPa.

We tested two subsections of pressure core NGHP-02-8Be30P in the
DSC, subsection-1 and -6. Subsection 5 suffered a technical failure
during the transition into the DSC and no data were recorded.

Subsection-1. This section is the deepest part of the pressure core
(Fig. 3). A consolidation test was conducted while P-wave measure-
ments were made at each loading step. During consolidation at the
2MPa loading step, the specimen became too short to perform a shear
test because the tip of the vertical loading plunger extended below the
upper shear plane. The consolidation test was continued in steps to
6MPa. After returning to 2MPa vertical stress, the pore pressure was
released for dissociation, and the experiment was terminated.

Subsection-6. A consolidation test was conducted up to 7MPa ver-
tical stress and unloaded to 2MPa for dissociation. Each loading step
was maintained until the displacement ceased changing, and shear tests
were conducted at 2MPa and 7MPa during the loading and unloading
steps. After the specimen was sheared at 2MPa in-situ vertical stress,
the shear ring and the sheared sediment segment in the specimen were
returned to their original position. The additional loading steps in-
creased vertical stress up to 7MPa, and the second shear test was
conducted. Due to sample shortening during the consolidation process,
the designated shear planes at 7MPa vertical stress were in different
locations than the shear planes during the initial 2MPa shear-strength

Fig. 5. Consolidation test results: (a) Subsection-2 (ESC), (b) Subsection-6
(DSC), (c) constrained modulus, M, determined for large strains with drained
conditions by the coefficient of volumetric compressibility (Mls, open symbols,
Eq. (1)) and for small strains with undrained conditions by Vp measurements
(Mss, solid symbols, Eq. (2)). The data is available online (Jang et al., 2019).
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test. The sheared segment was again returned to its original position
after the 7MPa shear, and the vertical stress was reduced to 2MPa for
dissociation. At 2MPa, the specimen was sheared once before de-
pressurization and twice after depressurization.

3.3. Fundamental physical properties and image analyses on dissociated
specimens

Once a PCCT test is complete, the depressurized specimen is used to
obtain a suite of index properties: grain density with a Quantachrome
Pentapycnometer 5200e; specific surface by the wet method with me-
thylene blue (Santamarina et al., 2002). Particle shape and mineralogy
information are obtained via scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS) using a Tescan VEGA-3 variable-
pressure SEM.

4. Results and analyses

Eight subsections were cut from pressure core NGHP-02-8Be30P
(Fig. 3). Among them, the results from Subsections-1, -2, -4 and -6 are
documented, here, with results and analyses on measured properties.
Subsections marked as GT in Fig. 3 were transferred to Georgia Institute
of Technology for further experiments of compressibility and perme-
ability (Dai et al., 2019; Kim et al., 2019).

4.1. Geotechnical properties from PCCTs

4.1.1. Compressibility
Table 1 provides all the measured consolidation indices, and Fig. 5

plots the consolidation test results from the ESC Subsection-2 and DSC
Subsection-6 tests. Significant void ratio changes in the early loading
steps at vertical stresses less than 2MPa indicate sediment disturbance
occurring during long-term storage, transport and subsection cutting. In
situ, these unconsolidated sediments are held together by the in situ
effective stress, but it is only the hydrostatic stress (pore pressure) that
is maintained in the pressure core collection and storage process. The
lack of effective stress allows sediment to expand over time. This “stress
relaxation” effect for NGHP-01 pressure cores is described by Dai and
Santamarina (2014) and has been documented for pressure cores from
Nankai Trough based on Vp results during pressure core loading tests by
Santamarina et al. (2015). Sediment expansion can be exacerbated by
swelling clays, which take up water at low confining stress. Also, in the
absence of an abundant gas hydrate phase that provides cohesion
(Yoneda et al., 2019b), observations through the clear-walled chambers
at AIST show core subsection ends can slump as the subsection is cut.
Taken together, these effects result in an initially loose sediment fabric,
particularly at the subsection ends. The low-stress consolidation steps
can reconsolidate the specimen, and the relatively large void-ratio de-
creases, associated with that initial consolidation to the in situ effective
stress, can correspond to the extent of sediment disturbance. The Vp
results from Santamarina et al. (2015) indicate the sediment expansion
effects can be removed by consolidating the specimen back to its in situ
effective stress.

The core site's geological history implies that there are no significant
erosion and resedimentation as overconsolidation conditions in situ.
The sediments represented in the core come from above the channel-
levee system. They were deposited 2–3 million years ago, and have
since endured natural seafloor fluctuations that would not have over
consolidated the sediment and introduced an unloading process. Deep
subsurface sediment tends to be normally consolidated (Chen and
Mayne, 1994), and the Site NGHP-02-08 LWD-based porosity trend
with depth is consistent with a normally consolidated deposit (Waite
et al., 2019).

Given their 246 mbsf in situ subsurface depth, these subsections
would require at least 2MPa vertical stress to return to their in situ
vertical effective stress and begin virgin compression. Thus, the virgin

compression index Cc is calculated using the consolidation data above
2MPa vertical stress. Because the ESC consolidation test of Subsection-
4 was conducted only up to 2MPa, the compression index of
Subsection-4 is not calculated. The rebound (or swelling) index Cs, and
recompression index Cr are calculated using the void ratio changes
during unloading, Cs, and reloading, Cr. Indices from consolidation tests
are calculated from -Δe/Δlogσv, where e is the void ratio.

Subsection-6 test results yield Cc=0.262 and Cs=0.003 for com-
plete consolidation at each loading step. Subsection-1 and -2 have
consolidation indices higher than those of Subsection-6 (see the values
of each section in Table 1 and Fig. 5a and b), and the higher indices can
be associated with additional sediment disturbance processes experi-
enced by Subsections 1 and 2.

One source of disturbance is related to the sediment mineralogy and
exposure to fresh water. Based on the mineralogy from SEM-EDS results
(Section 4.2) and from shipboard smear slide data in same lithologic
unit, this core contains clay minerals (∼50%) that can swell in response
to fresh water and the lack of vertical effective stress (Bolt, 1956;
Sridharan and Rao, 1973). Subsections −1 and −2 are close to the
portion of the core where the compressional wave velocity scans in-
dicate gas hydrate decomposed (Fig. 3). The loss of the gas hydrate
layer freshens the surrounding water and leaves void space that in-
creases the sediment compressibility. The situation is exacerbated in
Subsection 1, because whereas Subsections 2-6 are confined top and
bottom by sediment within the core, Subsection 1 is the bottom end of
the core with its lower face exposed directly to the fresh pressurization
water. Consequently, Subsection 1 has the entire core-storage period to
expand out of the core liner. Moreover, during the test of Subsection-1,
the bottom of Subsection-1 partially extruded from the DSC sample
space, penetrating into the connected pressure and flow lines. This
extrusion appears as a shortening of the specimen that is misinterpreted
as a void ratio decrease.

These core expansion processes cause the sediment void ratio at the
start of testing to be higher than that of the original fabric. The void
ratio of Subsection-1 at 2MPa (e2MPa, loading=1.458) is the highest, and
the void ratio at 2MPa for each subsequent subsection decreases as the
subsection gets closer to Subsection-6. A high initial void ratio could
result in the compression index being overestimated since the com-
pression index scales with the initial void ratio (Burland, 1990;
Sridharan and Nagaraj, 2000; Cerato and Lutenegger, 2004; Tiwari and
Ajmera, 2011).

The coefficient of volume compressibility, mv, for Subsection-6 is
calculated at each loading step via:

=
+

=m
e M1

1 ,v
e

i ls (1)

where ei is the void ratio at the beginning of the loading step. The
constrained modulus M is the reciprocal of mv, and is used here to
capture the large-strain modulus, Mls.

The constrained modulus can also be calculated from Vp measured
during each loading step:

=M V ,ss b p
2 (2)

where the ρb is the bulk density. Here, the constrained modulus Mss

captures the high-frequency, small-strain sediment response. The
Mss=8.6 GPa (8600MPa) calculated from the Vp measurement (Eq.
(2)) is much higher than the 35MPa Mls value obtained by the con-
solidation test at 2MPa in situ vertical stress for Subsection-6 (Eq. (1)).
This discrepancy is because Mls is obtained from large-strain, inelastic
deformations that are slow enough for pore pressures to equilibrate. In
contrast, Mss pertains to small-strain, instantaneous (undrained) linear
elastic deformations that do not induce any soil fabric change. Thus, if a
reservoir simulation entails large deformations (strains of ∼0.1–1%;
Mitchell and Soga, 2005), Mls from the consolidation test would be the
proper input parameter for the simulation.
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Using the square-root time method (Taylor, 1948), the coefficient of
consolidation cv for Subsection 6 at 2MPa is 2.53× 10−7m2/s. This
value falls within the expected range for undisturbed clay sediments
(NAVFAC, 1986). Due to porosity reduction, cv tends to decrease as the
vertical stress increases. From Terzaghi's consolidation theory, the hy-
draulic conductivity k can be determined:

=k c m ,v v w (3)

where γw [kN/m3] is the unit weight of water. For this subsection,
application of (3) yields k=4.99×10−10m/s (converted to
5.09×10−17m2 or 0.052 mD).

4.1.2. Permeability
Subsections-2 and -4 were dedicated to permeability tests along the

vertical direction through the sediment. Permeability K [m2] is ob-
tained from Darcy's law:

=K q ,p
µ (4)

where the q [m/s] is fluid flux, p [Pa/m] is the pressure gradient, and
μ [Pa·s] is the fluid viscosity (taken here to be 1.5×10−6 kPa s for pure
water at 5 °C (Young et al., 2007)). Permeability was measured at the
estimated in situ vertical stress, 2MPa (e=0.082), as well as at 6MPa
(e=0.661) for Subsection-2 (Table 1). As the pore sizes and void ratio
decreased during consolidation, permeability decreased. At 6MPa, the
maximum 300 kPa differential pressure was required to provide mea-
surable flow.

A slight permeability drop would have occurred due to the void
ratio decrease during depressurization (Fig. 5a), but the formation of
gas bubbles in the pore space as methane exsolved from the pore fluid
during depressurization would more significantly decrease the spe-
cimen permeability for water. Subsection 2 generated 1100 cm3 of gas
at atmospheric pressure during depressurization, and was the only
subsection to generate a measurable volume of gas. In the presence of
even small gas concentrations (10–15%), the permeability for water can
drop by a factor of two relative to the permeability in a gas-free system
(Brooks and Corey, 1964; Kurihara et al., 2011; Reagan and Moridis,
2008; Santamarina et al., 2015). This gas-induced permeability de-
crease provides strong motivation for obtaining pressure cores, which
retain the in situ phases and allow measurements such as permeability
to be conducted while avoiding the specimen disturbance caused by gas
coming out of solution during the depressurization experienced by
conventional cores.

Permeability tests on Subsection-4 were conducted only at 2MPa
vertical stress (Fig. 6). The measured void ratio (0.9) of Subsection-4 at
2MPa was larger than that (0.82) of Subsection-2, but the permeability
of the two subsections was similar. After depressurization, this spe-
cimen was used to study permeability anisotropy (see details in Dai
et al., 2019). The vertical permeability measured by Dai et al. (2019) at
2MPa was 3.14×10−17m2 (0.032 mD), at 0.87 void ratio, in agree-
ment with both the Subsection-2 and -4 results (0.012 mD). Priest et al.
(2019) ran a shipboard vertical permeability test through a pressure-
maintained subsection of this pressure core at 247.92 mbsf, 12 cm
deeper than the base of the pressure core section studied in this work.
Their result was 0.0013 mD, measured at a comparable 1.96MPa ver-
tical stress. No void ratio is reported in their study, however from the
original shipboard PCATS density scan, the entire core is expected to be
quite uniform. These direct measurements of permeability are also
comparable with the Subsection-6 estimate of 0.052 mD from Terza-
ghi's 1-D consolidation theory (Eq. (3)). Based on approximately the
order-of-magnitude agreement between the direct measurements,
which utilize independent tools and methodologies, a consensus per-
meability estimate of 0.02 mD is proposed for a 0.85 void ratio and at
the in situ vertical stress of 2MPa. This permeability is low enough to
be considered as practically impermeable clay (Terzaghi et al., 1996).

4.1.3. Shear strength
Subsection-6 was subjected to undrained shear strength tests as a

function of the vertical stress history, and Table 2 summarizes the
measured shear strength (τf) and the friction angle values. Both para-
meters are dependent on the shear surface condition at a given over-
burden stress. Fig. 7a shows the normalized stress-strain curves.

For the virgin loading steps, a peak shear strength is observed
during the direct shear tests at 2MPa and 7MPa vertical stress. The
peak friction angle, ϕpeak, is obtained at that peak shear strength. The
peak shear strength increases with increasing vertical stress (Table 2).
With increasing horizontal strain after the peak shear strength is
reached, the shear stress decreases, flattening into the plateau (Fig. 7a).
The ultimate friction angle, ϕu, is defined at 0.125 horizontal strain
within that stress-strain curve plateau. The peak friction angle of 11°
and ultimate friction angle of 8.5° are as low as those of montmor-
illonite (Mesri and Olson, 1970; Lupini et al., 1981; Mesri and
Cepedadiaz, 1986).

In Fig. 7a, the normalized curves at 2MPa and 7MPa vertical stress
are alike, but the vertical strain during the two direct shear tests shows
different behaviors. The specimen at the in situ 2MPa vertical stress
does not become contractive until 0.007 horizontal strain, but at 7MPa
the specimen is contractive throughout the test. The change in the
vertical strain behavior is associated with a fabric change in the shear
band: the platy particle orientation on the shear plane tends to become

Fig. 6. Vertical permeability test results of Subsection-4 using the ESC. The data
is available online (Jang et al., 2019).

Table 2
Shear strength measurements: Subsection-6 (pressure core NGHP-02-08Be30P,
247.12–247.28 mbsf).

applied vertical stress, σv
[MPa]

virgin loading unloading

before depressurization after depressurization

2.1 7.0 2.0 2.0 2.0

peak shear stress [kPa] 403 1292 n/a
peak friction angle, ϕpeak

[°]
11.0 10.5

yield shear stress [kPa] n/a 627 n/a 218
friction angle at yield,

ϕyield [°]
17.4 6.2

shear stress at 0.125 of
horizontal strain

287 1090 748 441 283

ultimate friction angle at
0.125 of horizontal
strain, ϕu [°]

7.9 8.9 20.5 12.3 8.0

Remark: friction angle ϕ= tan−1(τ/σv).
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parallel to the shear plane during the shear test, allowing the vertical
strain to be contractive (Skempton, 1964; Lupini et al., 1981). In the
case of vertical strain at 7MPa loading, high vertical stress can induce
additional destructuring of the in situ fabric and additional volume
contraction during the shear test.

After the Subsection-6 specimen is unloaded from 7MPa to 2MPa
(Fig. 5b), the shear strength curve alter to work-hardening with con-
tractive vertical strain, and no peak friction angle is observed in the
shear test before depressurization (Fig. 7a). The stress-strain curve al-
teration may be because the shear planes are the same as the shear

planes of the 7MPa shear test due to the minimal rebound of the spe-
cimen height during unloading in the consolidation test (Fig. 5b).

After depressurization, two shear tests were conducted with
Subsection-6. The first test shows only the ultimate friction angle be-
cause the early part of the shear test was missed due to a technical
failure. The strain curve shows dilative vertical strain during the test.
Based on the measured stress and strain data, the stress-strain curve
would include a peak point and become a plateau at larger strain. In the
second shear test after depressurization, the stress-strain curve is work-
hardening with contractive vertical strain, and the shear strength at
0.125 horizontal strain is 65% of that of the first test because the shear
planes in the second test are the same as the first test planes (Fig. 5b).
The second test prompts additional fabric disturbance within the shear
band beyond what occurred in the first test. Accordingly, the ultimate
friction angle (8°) of the second test can be considered as a residual
friction angle.

The variation of Vp with vertical stress (Fig. 7b) reflects the loading
steps of the consolidation and the shear band generation during each
shear test. Vp increases as the intergranular contacts stiffen due to in-
creased vertical loading. However, each shear strength test generates
two shear bands in the specimen, and shear bands can delay P-wave
propagation by disrupting the sediment fabric and destroying stiff
connections between sediment particles. Vp decreases 6.3% after the
first shear test at 2MPa vertical stress, for instance. The minimal re-
duction (0.3%) of Vp after the shear test at 7MPa vertical stress
(Fig. 7b) may be due to the comparatively large volume contraction
creating additional stiff sediment-sediment contacts during the shear
test that offset the effect of the shear bands on Vp. The shear test at
2MPa after the unloading step but before depressurization, τf,3rd, shows
a 2.6% increase in Vp. This may be due to the late dilative volume
change which prompts the pore water pressure within the shear bands
to decrease, locally increasing the effective stress and Vp (Todd and
Simmons, 1972).

4.1.4. Gas hydrate occurrence and saturation
Each subsection was depressurized while maintaining 2MPa ver-

tical stress to dissociate any gas hydrate and to retain the sediment
fabric for post PCCT sample characterization studies. From Fig. 3, no
gas from gas hydrate should be expected except in or near Subsection-2,
where the shipboard X-ray image indicates a thin, horizontal gas hy-
drate occurrence existed at the time of recovery. As noted above, the
gas hydrate itself appears to have dissolved during storage prior to the
AIST X-ray scan, but Subsection-2 produced 1100 cm3 of gas, and was
the only subsection to produce a measurable quantity of gas. Assuming
all gas collected had previously been held in gas hydrate, the total pore-
space gas hydrate saturation for the 7 cm-long Subsection-2 would have
been ∼10%. Upon examining the subsection after extracting it from the
ESC, a horizontal layer of coarser-grained sediment was observed

Fig. 7. Direct shear test results in DSC: (a, upper panel) normalized stress-strain
curves, with the y-axis given as the ratio of shear stress τ to applied vertical
stress σv. The empirical relationship between the undrained shear strength, su,
and vertical effective stress, σ′v, from Mesri (1989) is shown by the horizontal
dashed line. (a, middle panel) vertical versus horizontal strain curves from
Subsection-6, showing dominantly contractive behavior only for the 7MPa
virgin loading case. Lower panel zooms in on the gold-dashed region from the
middle panel; (b) Vp as measured for each vertical loading step in the con-
solidation test and direct shear test (τf – shear test, numbered in the order in
which they occurred). Blue curves indicate loading, gray indicates unloading,
and the vertical dashed red line indicates the in situ vertical stress. Black dashed
curve indicates the Vp increase as the applied vertical stress reconsolidates the
specimen to its in situ void ratio, which increased via to stress relaxation and
sediment expansion due to the absence of any vertical effective stress in the
storage chamber. The data is available online (Jang et al., 2019). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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(analogous to the layer from Subsection-6 (Section4.2, Fig. 8a)). The
collected gas is inferred to be biogenic methane based on its light iso-
topic ratio δ13CeCH4 (< 60‰), which is in agreement with the ship-
board downhole isotopic profile (Collett et al., 2019; Dixit et al., 2019).

4.2. Depressurized specimen

Fig. 8a shows Subsection-6 after depressurization in the DSC. Even
though the specimen became stiff during consolidation and could hold
its shape, it was plastic and cohesive like a clay sediment. The specimen
could be split vertically and horizontally by hand, and the specimen
split surface in the horizontal direction revealed the non-plastic, silty
fine particle layer shown in Fig. 8a–i and -ii. When the specimen was
split vertically, the split surface texture was rough, and the thin in-
terbed could be observed on the cross-sectional face (Fig. 8a–iii).

SEM-EDS images in Fig. 8b provide details of the fine particle
shapes, the variety of clustering behavior and the mineralogy observed
in this core. Clay minerals and small fines can cluster as a lump
(Fig. 8b–ii) since the fabric of fines can be dominated by electrical inter-
particle forces between fines (e.g. Jang at al., 2018). Quartz-type fines
are observed to be coated with clay or mica particles (Fig. 8b–iii).
Fig. 8b–iv shows a fragment of organic material or microfossil, with
SEM-EDS confirmation of calcium carbonate in the fragment.

Fundamental physical properties are measured on depressurized
specimens to characterize the sediments after they have been tested in
the PCCT. For Core NGHP-02-08Be30P, the fine-grained lithology with
thin layers of silty sediment was assumed to be consistent throughout
the core. Although the AIST X-ray image in Fig. 3 does not show sig-
nificant heterogeneity in the core, physical properties from depressur-
ized sediment show the core does have localized heterogeneous as
shown Fig. 8a. From the PCATS shipboard scan (Fig. 3), only the thin,
coarser layer at 247.6 mbsf appeared to be gas hydrate-bearing,
meaning not all of the coarser layers in the core have effective con-
nections to a methane supply.

Fundamental properties measured for Subsection-5 are: specific
surface, 167m2/g; grain density, 2.66 g/cm3; median grain size d50,
68.37 μm; and in situ water content, 0.34. For comparison, the median
grain size d50 is 7.9 μm and the liquid limit is 60.6 for the Subsections
tested at GaTech (see details in Dai et al., 2019). From the shipboard
data of the specimen adjacent to pressure core NGHP-02-8Be30P (less
than 1m above the top of the core), smear slide analysis suggests a
mineralogy of low quartz content (10%) and high clay content (> 50%)
with low organic material content (∼5%). The shipboard grain size
measurement yields d50=12.27 μm.

The high specific surface is due to the small grain size and the ob-
served platy clay or mica particles, which are observed to cluster as a

Fig. 8. Core and sediment grain imagery: (a) A part of Subsection-6 cleaved by hand: the horizontal split in (i) and (ii) shows evidence of a silty-fine-grained layer
(light areas on the top of the lower section), (iii): both halves showing a second silty fine-grained layer in cross section (symmetric light streak within both halves of
the dark, fine-grained specimen); (b) SEM-EDS images of fines from the seal layer core studied here, Core NGHP-02-08–30P, Area C – (i) sediment at low magni-
fication, indicating locations of the other images in (b). (ii) “grain” that is really a cluster of fines, (iii) fine quartz particles coated by clay minerals, (iv) organic
material with calcium carbonate; (c) for comparison, SEM-EDS images of fines in the seal layer above the primary gas hydrate reservoir n Area B, Core NGHP-02-
23Ce10P are shown here – (i) particles at low magnification showing the abundant diatoms and the location of image ii, (ii) and (iii) show examples of diatoms and
microfossil shards, (iv) a diatom. The low microfossil content in the Area C, NGHP-02-08 seal sediment (b) relative to that in the Area B, NGHP-02-23 seal sediment
(c) improves the effectiveness of the NGHP-02-08 seal, lowering both the porosity and permeability relative to that observed above the primary Area B gas hydrate
reservoir (Jang et al., 2019).
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lump (Fig. 8b–ii) but can also coat quartz particles (Fig. 8b–iii). Organic
materials or microfossils, though not abundant in this sediment, also
contribute to the high specific surface with their internal void surfaces
(Fig. 8b–iv). The microfossil content (∼5%) in the seal layer at Site
NGHP-02-08 is less than that (∼20%) in the seal layer above Area B's
primary gas hydrate reservoir (e.g. Site NGHP-02-23). As Fig. 8 b and c
demonstrate, this difference is large enough to be easily observed in the
SEM scans. No direct measurements of the seal sediment permeability is
available above Area B's primary gas hydrate reservoir, but compar-
isons of microfossil content and porosity, both of which are lower in
Area C Site's NGHP-02-08 and −09 than in Area B, suggest that the
NGHP-02-08 and −09 seal sediment provides the more effective barrier
to fluid migration at the upper boundary of the gas hydrate reservoir
(Jang et al., 2019; Waite et al., 2019). Loss of methane through the
upper seal via fluid migration may play a role in how a reservoir de-
velops (Waite et al., 2019), but as shown by Ajayi et al. (2018), a more
significant consequence from an energy resource perspective is that a
low seal permeability is critical for establishing an effective de-
pressurization of the gas hydrate reservoir itself to extract the methane.

5. Discussion and implications

5.1. Permeability

For Site NGHP-02-08, a consensus in situ vertical permeability es-
timate of 0.02 mD has been derived from consolidation tests and from
direct measurement of flow through sediment from pressure core
NGHP-02-08Be30P using the PCCT analysis described here, using di-
rect flow testing in the shipboard PCATS Triaxial system (Priest et al.,
2019), and using a separate double-ring permeameter (Dai et al., 2019)
on sediment depressurized at the in situ effective stress in the PCCT to
preserve the in situ fabric. These tests were all run at the in situ vertical
effective stress, and the measurements by this study and by Priest et al.
(2019) were made on pressure cores prior to depressurization. Because
no gas hydrate was inferred to exist at the GaTech subsection depths
(Fig. 3), the GaTech measurement was made in a water-saturated
condition with no gas hydrate present. Together, these measurements
provide a consensus estimate of the in situ vertical permeability just
above the primary gas hydrate reservoir at NGHP-02-08.

It is instructive to compare the consensus estimate of the in situ
vertical permeability derived from direct measurements to available
indirect estimates of permeability. Here, the consensus permeability
estimate is compared with estimates inferred from 1) index property
analyses of recovered sediment, and 2) LWD Nuclear Magnetic Imaging
(NMR) results.

If fine-grained sediment is recovered, an index property-based per-
meability estimate can be obtained by following the empirical approach
of Carrier (2003) and Ren and Santamarina (2018). Permeability can be
estimated from the specific surface (Ss) and void ratio, and for the
167m2/g specific surface and ∼0.85 void ratio measured here, the
predicted permeability would be 0.0002–0.0004 mD. This is two orders
of magnitude smaller than the experimental consensus value. One
contribution to this discrepancy comes from how the approach of Ren
and Santamarina (2018) emphasizes pore size as a fundamental control
on permeability. If the in situ sediment fabric has larger pores than
expected for the given void ratio and sediment specific surface due to
clustered fines, for instance, the measured permeability can exceed that
of empirical fits derived from natural and remolded samples.

This inferred relationship between sediment fabric and pore size
highlights the importance of making permeability measurements on
minimally-disturbed in situ sediment fabric. Regarding tests done on
depressurized sediment after pressure core analyses, the need to
maintain the sediment fabric suggests that, for best results, specimens
should be dissociated or depressurized while maintaining the in situ
effective stress to prevent disaggregation and disruption of the sediment
fabric.

In contrast, the LWD NMR downhole permeability estimate, 0.3 mD,
for the recovered depth of the core described here (Collett et al., 2019;
Waite et al., 2019), is a little more than an order of magnitude larger
than the direct measurement results. The Schlumberger Doll Research
calculation of permeability from NMR data contains an empirical
multiplicative prefactor to obtain the permeability, kSDR. In NGHP-02,
as in previous field studies, this empirical multiplicative factor was set
to 4 mD/msec2. This prefactor was used in the Nankai Trough gas hy-
drate study (Fujii et al., 2015), and is also commonly applied to non-gas
hydrate studies of sandstone (Daigle and Dugan, 2011). As Daigle and
Dugan (2009, 2011) show, this prefactor can be shown to be inversely
dependent on the sediment specific surface. For fine grained, high
specific surface sediments, the prefactor should be reduced by as much
as two orders of magnitude (Daigle and Dugan, 2011), which directly
reduces the permeability estimate by the same factor.

An additional issue for interpreting NMR permeabilities is that kSDR
is not a directional permeability measurement. The result depends on
the inferred pore size, but does not indicate whether horizontal or
vertical flow is being considered. As shown by Dai et al. (2019) and
Yoneda et al. (2019a), the horizontal permeability for gas hydrate-
bearing sediment in the primary Area B reservoir is approximately four
times higher than the vertical permeability. As noted by Dai et al.
(2017) and Fujii et al. (2015) for the Nankai Trough gas hydrate study,
the relationship between NMR and core permeability measurements is
not consistent and not fully understood. Caution is advised when
making direct comparisons of the permeability magnitudes between
NMR and other permeability measurements.

Nonetheless, the connection to LWD NMR permeability data is being
made here to provide a means of assessing the permeability for NGHP-
02-09, which penetrates the extremely coarse-grained, highly gas hy-
drate-saturate levee sediment on the opposite side of the channel from
Site NGHP-02-08. There are no direct measurements of the seal sedi-
ment permeability for NGHP-02-09, but as shown in Waite et al. (2019),
LWD NMR results show the overburden at Site NGHP-02-08 is ap-
proximately one order of magnitude more permeable than at Site
NGHP-02-09 for the ∼20m of sediment directly above the main gas
hydrate reservoir. Based on the NGHP-02-08 results showing the core-
based permeability results being approximately one order of magnitude
lower than the LWD NMR, a core-based estimate of the vertical per-
meability of the overburden directly in contact with the Site NGHP-02-
09 gas hydrate reservoir would be 0.002 mD. This result supports the
modeling assumption by Moridis et al. (2019) of a low-permeability
upper contact for the gas hydrate reservoir.

5.2. Seal sediment impacts on fluid flows in gas production

When depressurization is applied for gas production from gas hy-
drate sediments, pore pressure in the production wells is dropped to-
ward the target pressure, but reaching the target pressure is to some
extent limited by the reservoir geometry (Terzariol et al., 2017). Ide-
ally, the permeability of a seal layer is less than the permeability of the
gas hydrate-bearing reservoir sediment, and much less than the per-
meability of the reservoir sediment after gas hydrate is lost via dis-
sociation (see permeability of pressure cores from gas hydrate re-
servoirs in Yoneda et al. (2019a) and Boswell et al. (2019b). This
permeability difference between the seal and reservoir means the seal
layer hinders vertical flow and promotes the horizontal, radial flow that
is required for advancing the pressure gradient into the formation and
sweeping out methane produced by dissociating gas hydrate (Ajayi
et al., 2018). The permeability difference between reservoir and seal
sediment can increase during production if, when the effective stress
escalates due to pore pressure reduction, consolidation occurs in the
seal sediment and constricts flow passages near the base of the seal
layer, further lowering the seal permeability.

When gas hydrate dissociates, pure water is released that freshens
the pore water (Hesse and Harrison, 1981). Fines are influenced by pore
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fluid chemistry because fines are dominated by electrical-force inter-
actions rather than the gravitational force. The arrangement, or fabric,
of fines is sensitive to pore fluid chemistry, and is particularly influ-
enced by salt concentration in pore fluid. Freshened water can alter the
sediment fabric (Sridharan and Rao, 1973; Di Maio and Fenelli, 1994;
Palomino and Santamarina, 2005; Jang and Santamarina, 2016), al-
tering the sediment's mechanical properties as well as changing how
easily the fines can be resuspended into the pore-water flow (Jang et al.,
2018). These processes are particularly important for the seal sediment
at the interface between the reservoir and overlying seal, where the
fines fabric in the overlying seal can be disrupted both by the changing
reservoir pore-fluid chemistry, and by the high flow rate of the pro-
duction fluids. At the flow rates considered for production, Oyama et al.
(2016) suggests the fabric becomes disrupted, causing some fines to
become suspended in the moving pore fluid. Based on the clusters of
fine particles observed in the SEM-EDS imagery (Fig. 8b), the Site
NGHP-02-08 seal appears to contain electrically-sensitive clays that
become more easily dislodged in the presence of fresh water and con-
sequently have a negative impact on the reservoir permeability near the
contact with the upper seal. 2D micromodel studies (Cao et al., 2019)
suggest suspended fines associated with the NGHP-02-09 reservoir itself
also have a relatively high potential for clogging pore throats.

5.3. Conservative shear strength parameter

Mechanical stability of gas hydrate reservoir systems during gas
production can be partially evaluated through shear strength mea-
surements. In general, shear strength values measured by direct shear
tests are ∼70% of those measured by triaxial compression tests
(Mayne, 1985), meaning that estimates from direct shear tests may be
conservative. One reason the direct shear results are conservative is that
the nominal shear area is used for the shear strength calculation (ASTM
D3080, 2011; Lambe, 1951), but shear only occurs over a portion of
that area in a direct shear experiment. Calculating the shear strength
with the actual shear area could increase the peak shear strength by 3%
and the shear strength at the ultimate state by 19%.

Nonetheless, the direct shear approach is appropriate for NGHP-02
because when there is horizontal anisotropy in the reservoir system,
and the anisotropy has the potential to restrict the shear failure plane to
being horizontal (Fig. 8a), the shear strength measured by direct shear
tests could represent the horizontal shear failure criteria (Bjerrum,
1973; Wroth, 1987). Another reason to consider using a conservative
strength parameter estimate for the NGHP-02 reservoir modeling of the
seal sediment is the presence of fractures or fissures. In this environ-
ment, a residual friction angle is preferred rather than a peak friction
angle (Skempton, 1964). Since visualized resistivity images of LWD
data provide evidence of many fractures in the seal layer (Collett et al.,
2019; Waite et al., 2019), the proper friction angle for the seal layer
should be close to the residual friction angle.

5.4. Core degradation during long-term storage

Two core degradation processes occurring during long-term core
storage are 1) core sediment expansion due to the absence of an applied
effective stress in the storage chamber, and 2) methane hydrate dis-
solution due to a lack of methane in the pressurizing fluid in contact
with the sediment. Core expansion degradation can be reversed via the
reapplication of the in situ effective stress prior to measuring the core's
physical properties (Santamarina et al., 2015), though as shown here,
the consolidation times required to fully reconsolidate fine-grained
sediment can be lengthy. The loss of gas hydrate through dissolution
cannot be reversed.

As shown in Fig. 3, Vp at the time of core recovery was above 2000
m/s at 247.6 mbsf, indicating the presence of a thin gas hydrate-bearing
interval. Approximately a year later, in spite of the core remaining
within the gas hydrate stability conditions defined by pressure and

temperature, the Vp profile through 247.6 mbsf closely followed the
background, gas-hydrate-free trend Because the core was pressurized
with fresh, methane-free water, the core fluid was below the equili-
brium methane saturation at the pressure and temperature conditions
during transport and storage, and the methane hydrate dissolved to
drive the pore-fluid methane concentration up toward the equilibrium
value. Because the overall gas hydrate content of the core was low, the
gas hydrate was completely consumed.

The same process will happen in all gas hydrate-bearing cores stored
in this fashion. For cores stored with high gas hydrate saturations, there
is less free water remaining that requires methane saturation, and there
is also enough gas hydrate present to fully methane-saturate the free
water without fully consuming the gas hydrate. It is generally not
practical to pre-saturate the chamber pressurization fluid with me-
thane, so to minimize gas hydrate loss, the core storage chamber should
contain as little free fluid space as possible. Solid spacers should be
added to a chamber prior to core loading if the core does not extend the
full length of the chamber.

The equilibrium methane solubility in the presence of methane
hydrate decreases only very slightly with increasing fluid pressure, but
decreases significantly as the temperature falls away from the stability
temperature (Lu et al., 2008; Servio and Englezos, 2002). Gas hydrate
dissolution is minimized when cores are stored at temperatures as cold
as possible without freezing the specimens. Freezing should be avoided
because fluid expansion and gas exsolution during freezing significantly
alters the sediment fabric, limiting what can be learned about the in situ
environment. Practically speaking, gas hydrate saturations measured in
cores stored long-term should be considered lower bounds on the in situ
gas hydrate saturation.

6. Conclusions

The evaluation of natural gas hydrate reservoirs to ensure effective
and safe gas production requires credible measurements of geological,
geochemical, geophysical, and geomechanical parameters of the
system. Pressure core technology can provide excellent means to re-
trieve natural gas-hydrate-bearing sediments while avoiding core dis-
turbance from gas hydrate dissociation, and to measure and assess re-
levant physical and geomechanical properties of the in situ, gas
hydrate-bearing environment. Even in the absence of gas hydrate,
pressure coring protects the sediment from disturbance caused by the
exsolution of dissolved gasses. Pressure coring characterization tools
then provide a means of directly manipulating the sediment and pore
fluids to measure mechanical properties that dynamically change as
methane is extracted from a gas hydrate-bearing reservoir.

This study uses a pressure core collected from the fine-grained seal
layer just above the primary gas hydrate-bearing reservoir at Site
NGHP-02-08 to provide geotechnical properties and to give insight into
the role of the seal layer in the gas hydrate reservoir system defined by
a buried channel levee environment. The effective stress chamber and
direct shear chamber of the pressure core characterization tools were
used here to measure geotechnical properties including compressibility,
shear strength, and permeability. The seal layer is found to contain
clayey sediments with high compressibility (Cc=0.262), low peak
shear strength (403 kPa) and low residual friction angle (8°) at the
2MPa in situ vertical stress. The vertical permeability at the in situ
stress is also low (consensus permeability= 0.02 mD), and this direct
measurement helps resolve discrepancies between two indirect per-
meability measurement methods. The consensus permeability result is
an order of magnitude lower than the empirical remote sensing esti-
mate from LWD NMR, and two orders of magnitude higher than an
empirical estimate based on a sediment index property assessment.

This seal sediment, being so near the contact with the primary re-
servoir sediment and containing electrically-sensitive fines, would
likely be influenced and disturbed by gas hydrate dissociation condi-
tions imposed on the reservoir via two mechanisms: 1) depressurization
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methods can change the effective stress; 2) gas hydrate dissociation
affects pore water chemistry. Sediment stability parameters such as
shear strength and friction angle should therefore be conservatively
selected for the safety of the reservoir system.

Although pressure coring maintains the hydrostatic (pore) pressure
and temperature within the gas hydrate stability field, the loss of ef-
fective stress and the fresh water used to pressurize the specimen do
degrade the specimen over time. For post-cruise pressure core analyses,
the following disturbance remediation approaches are recommended:
1) core storage temperatures just above freezing will minimize the pore-
water methane solubility and reduce gas hydrate dissolution; 2) after
pressure coring, and again just prior to destructively testing the core
sediment, non-destructive measurements such as Vp, density and X-ray
images should be obtained to indicate the extent of physical alterations
in core conditions during long-term storage and provide important
support for interpreting measured results; 3) physical property testing
should be accomplished at least at the in situ effective stress to remove
the core degradation due to the core expansion occurring in the absence
of a vertical effective stress during core storage. Ideally, pressure core
storage prior to the pressure core analyses would be brief to minimize
the sampling disturbance driven by long-term sediment structure and
phase changes during storage.
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