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Sampling natural sediments causes unavoidable disturbance as recovered sediments experience changes
in stress and strain during drilling, core recovery, transportation, handling, and early stages of testing. In
hydrate-bearing sediments, the potential for sampling disturbance may be aggravated, since pressure
and temperature changes can lead to hydrate dissociation and gas exsolution. Pressure core technology
attempts to recover and characterize hydrate-bearing sediments while preserving them under in situ
pressure and temperature conditions, which is an essential requirement to assess the mechanical,
physical, chemical, and biological properties of natural hydrate-bearing sediments. Previous studies on
near-surface sampling effects are extended in this study to evaluate additional sampling disturbances
relevant to hydrate-bearing sediments: (1) hydrate dissociation due to mechanical extension, (2)
negative pore pressure generation during unloading (MandeleCryer effect), (3) secondary hydrate for-
mation, (4) changes in hydrate mass as a function of changes in pressure and temperature within the
stability field, (5) hydrate anomalous preservation and its benefits for pressure core handling and testing,
and (6) relaxation/aging following sampling. Results provide valuable insight to sampler design, coring
and operation procedures, high pressure chamber design, and pressure core testing techniques.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The 2006 Indian National Gas Hydrate Program (NGHP) Expe-
dition 01 was conducted to investigate geological and geochemical
controls on gas hydrate occurrence offshore of the Indian Peninsula
and along the Andaman convergent margin (Collett et al., 2006).
Hydrate saturation estimated from compressional wave velocity,
electrical resistivity logs, and X-ray computed tomography vary
from Sh < 5% to as high as Sh¼ ~80% (Lee and Collett, 2009; Shankar
and Riedel, 2011).

The eastern continental margin of India formed as the result of
rifting between India and the rest of East Gondwanaland (Australia/
Antarctica) in the Late Jurassic and Early Cretaceous. Plate re-
constructions place the eastern Indian margin adjacent to Enderby
Land in East Antarctica with the northern margin of “Greater India”
along the western margin of Australia (Bastia and Nayak, 2006;
Krishna et al., 2000). The KrishnaeGodavari Basin came into exis-
tence following rifting along eastern continental margin of Indian
atech.edu (J.C. Santamarina).
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Craton in the early Mesozoic. The KrishnaeGodavari Basin contains
about 5 km of sediments with several depositional sequences,
ranging in age from Late Carboniferous to Pleistocene (Bastia and
Nayak, 2006). Sediment input to the Bay of Bengal is dominated
by the GangeseBrahmaputra River system, resulting in the devel-
opment of the Bengal Fan. Isopach maps show 8e10 km of sedi-
ment at the location of the NGHP-01 drill sites established in the
KrishnaeGodavari Basin. The sedimentary section in the Krish-
naeGodavari Basin is dominated by clay-rich sediments, with little
evidence of significant input of coarser-grain sediments (Basu,
1990). Studies of conventional hydrocarbon systems in the Krish-
naeGodavari Basin have revealed that preserved organic matter in
Paleocene and Cretaceous sedimentary section has led to the
accumulation of significant conventional gas and gas-condensate
fields in the basin (Banerjie et al., 1994). However, the gas hy-
drates sampled during NGHP-01 contain mostly methane derived
from microbial sources (Collett et al., 2008).

For the most part, gas hydrate formation in the Krish-
naeGodavari Basin has developed by grain-displacement processes
and has yielded gas hydrate in the form of nodules, veins, and
lenses (Rees et al., 2011); this hydrate morphology is inherently
caused by high capillary forces associated with the hydrateewater
disturbance in hydrate-bearing sediment pressure cores: NGHP-01
logy (2014), http://dx.doi.org/10.1016/j.marpetgeo.2014.07.013
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interface in fine-grained sediments (Clennell et al., 1999; Dai et al.,
2012; Henry et al., 1999). Capillary pressure effects in these sedi-
ments also constrain the thickness of the hydrate stability zone at
the sites in the KrishnaeGodavari Basin. The equilibrium gas hy-
drate temperature depression DTdep in a cylindrical pore space can
be estimated as (Kwon et al., 2008):

DTdep ¼ � 2
dpore

 
ghwmh cos q

rhLf

!
Tbulk (1)

where ghw and q are the surface tension and contact angle between
hydrate and water,mh and rh are the molecular weight and density
of hydrate, Lf is the latent heat of hydrate dissociation, and Tbulk is
the equilibrium temperature in unconfined bulk solution. The pore
size dpore depends on sediment void ratio e, specific surface Ss, and
mineral mass density rm as: dpore ¼ 2e/(rmSs), and the void ratio e
changes with depth as e ¼ e100 þ Cclog(s0/kPa), where e100 and Cc
are sediment-dependent parameters (Burland, 1990). Figure 1
shows the altered hydrate stability boundaries that could be
anticipated in the KrishnaeGodavari Basin for three common clay
minerals identified in the basin, each with distinct specific surface
and compressibility: kaolinite, illite, and montmorillonite. In
agreement with predictions in Figure 1, reported depths to the base
of the hydrate stability zone in clay- to silt-rich sediments can vary
between 100 m and 200 m from expected conditions in coarser-
grain sand-rich systems (Collett et al., 2008). Contrary to coarse
sediments, such as those encountered in Alaska permafrost settings
(Dai et al., 2011), pore size as it relates to the presence of fine-
grained sediments at KrishnaeGodavari can restrict the thickness
of the hydrate stability zone.

Both conventional and pressure cores were recovered during
the 2006 NGHP-01 expedition. Five pressure cores recovered at Site
NGHP-01-21 were kept at 4 �C and 13 MPa fluid pressure, and
tested three months after the expedition at an onshore facility in
Singapore using the Instrumented Pressure Testing Chamber (IPTC)
(Yun et al., 2010). The test program included the measurement of
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Figure 1. Pore size dependent shift in the phase boundary at KrishnaeGodavari Basin
site. Trends are computed for bulk solution, kaolin “Kao” (e100 ¼ 0.89, Cc ¼ 0.29), illite
(e100 ¼ 2.05, Cc ¼ 0.82), and Montmorillonite “Mont.” (e100 ¼ 3.06, Cc ¼ 1.15).
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elastic wave velocities, shear strengths, electrical conductivities,
and monitored fast depressurization tests using sub-sampled core
samples. X-ray images showed horizontal layering, pronounced
heterogeneity frommilli- to centimeter scales, with the presence of
high-density nodules and both horizontal and sub-vertical gas
hydrate lenses. However, the laboratory testing of all natural sedi-
ments faces inherent sampling disturbance (Hvorslev, 1949), which
occur even before detailed laboratory characterizations. This
manuscript reviews previous studies on sampling effects associated
with near surface sediment coring and processing, demonstrates
the need for pressure core technology in the study of hydrate-
bearing sediments, and analyzes several emergent phenomena of
the poroelastic and pressure/temperature effects on hydrate-
bearing sediment cores.

2. Sampling disturbance in hydrate-free sediment cores

Sampling affects the mechanical, biological, chemical, mineral-
ogical, and lithological properties of natural sediments. Cores
experience excavation unloading and friction against the corer wall,
introducing unavoidable volumetric and shear strains. Figure 2 il-
lustrates a conceptual stress-strain path that a sediment experi-
ences during coring (Hight et al., 1992; La Rochelle et al., 1980; Ladd
and DeGroot, 2003; Landon, 2007; Shogaki and Kaneko, 1994).
To rationally quantify sampling disturbances, the “perfect sampling
approach” considers only the unavoidable undrained removal of the
deviator stress (q/ 0), followed byan undrained triaxial extension;
and the “ideal sampling approach” considers also the effects of
sequentially compression and extension along the centerline, shear
strain along sampling tube walls during sampler penetration, and
undrained shear stress relief during sample extrusion (Baligh,1985;
Baligh et al., 1987; Levadoux and Baligh, 1980).

2.1. Sources of sampling disturbance

Several factors account for changes in physical and mechanical
properties of sampled sediments. These factors include, (1) Drilling
and coring has been shown to cause changes in effective stress and
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Figure 2. The stress-strain path during sampling. Cores experience excavation
unloading (0 / 1) and wall shear (1 / 2); volumetric (shown) and shear strains are
unavoidable (Note: CSL ¼ critical state line; NCL ¼ normal consolidation line;
sres ¼ residual stress mobilized during expansion against the sampling tube).
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fluid pressure, which leads to associated strain (Baligh et al., 1987;
Cao et al., 2007; Clayton et al., 1998; Li et al., 1997). It has also been
shown that the stress caused by the high drilling mud pressures
required to circulate the slurry and remove drill cuttings from the
well can be more detrimental than the unloading stress induced by
drilling and corer penetration (Chung et al., 2004). (2) Sampling
related effects on the core can include effective stress relaxation
(Chau, 1991; La Rochelle et al., 1980), friction along the sampling
tube or wall shear (Baligh et al., 1987; Chau, 1991; Clayton and
Siddique, 1999), deformation due to insufficient rigidity of the
sampling tube, and pore pressure variation (Clayton and Siddique,
1999; Safaqah and Riemer, 2006; Siddique et al., 1999). (3) It has
also been shown that core storage and transportation of the spec-
imen can result in temperature variation, sampler deformation,
vibrations, and drying of the core (Baligh et al., 1987; Shogaki and
Kaneko, 1994). (4) Core handling and testing can also impose
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Figure 3. Sampling disturbance and sediment type. Note: * values computed from Gmax assu
specimens assuming Vp/Vs ¼ 1.5.
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additional disturbance associated with sample extrusion (Baligh
et al., 1987; Chung et al., 2004; Day, 1990), specimen trimming to
the required lab equipment dimensions (Atkinson et al., 1992;
Baligh et al., 1987), and specimen installation in test chambers
(Hight et al., 1992).

2.2. Core disturbance evaluation and assessment

Visual inspection (Hvorslev, 1949; Long, 2003) and X-ray radi-
ography (ASTM D4452) provide direct “geometric” evidence of
disturbance. Numerous studies have been conducted to measure
physical/mechanical changes due to sampling. Observations
include: (1) decrease in undrained shear strength su and pre-
consolidation stress pc particularly in soils with low plasticity
(Baligh et al., 1987; Long, 2003; Tanaka et al., 2001; Zhang and
Lunne, 2002); (2) increase in volumetric strain εv, axial strain εa,
000

Silty-clay - Wang et al., 2004
Silty-clay - Richardson et al., 1991
Pliocene clay - Pelli et al., 2004 *
Clay - Landon and DeGroot, 2008
Silty clay - Safaqah and Riemer, 2006
Mexico City soils - Diaz-Rodriguez and Santamarina, 1999
Loess - Rinaldi and Claria, 1999
Holocene clay - Shibuya et al., 1996
Weathered granite - Tatsuoka and Shibuya, 1991
Mudstone - Tatsuoka and Shibuya, 1991
Sagamihara mudstone - Tatsuoka et al., 1994
Negishi mudstone - Tatsuoka et al., 1993
Shizuoka mudstone - Tatsuoka et al., 1993
Pleistocene clay - Mukabi et al., 1994
Fucino clay - Burghignoli et al., 1991
Holocene clay - Ohneda et al., 1984 in Tatsuoka and Shibuya, 1991

800

Sand - Stokoe and Santamarina, 2000
Sand - Yamashita et al., 1998 *
Piedmont residual - Schneider et al., 1994
Sand - Richardson et al., 1991
Sand/clayed sand - Berge and Bertete-Aguirre, 2000
Coarse sand - Porcino and Ghionna, 2004
Sand - Sasitharan et al., 1993
Sandy soil - Tokimatsu and Uchida, 1990
Fine sand - Yoshimi et al., 1989
Sengenyama sand - Shibuya et al., 1996
Ticino sand - Crova et al., 1992
Reclaimed sand - Tatsuoka and Shibuya, 1991

000

Volcanic rock - Vinciguerra et al., 2006
Metamorphic rock - Vilhelm et al., 2008
Sandstone - Sharp et al., 1994(Dry)
Sandstone - Sharp et al., 1994(Wet)
Sedimentary rock - Oliphant, 1950
Limestone - Komar and Pierce, 1965
Meta-sedimentary rocks - Vilhelm et al., 2010
Granite - Balakrishna and Ramana, 1967 **
Limestone - Nititin,1962 in Balakrishna and Ramana, 1967 **
Chalk - Clayton et al., 1994 *

s

ming specimen density r ¼ 2000 kg/m3; ** Computed from Vp measured in unsaturated

disturbance in hydrate-bearing sediment pressure cores: NGHP-01
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and shear strain εs at peak deviatoric stress (Giao et al., 2004; Hird
and Hajj, 1995; Santagata and Germaine, 2005); smaller sampling
strains in over-consolidated clays (Siddique et al., 1999); (3)
decrease in most consolidation parameters in normally consoli-
dated soils, such as compression index Cc, coefficient of volume
compressibilitymv, and coefficient of consolidation cv (Shogaki and
Kaneko, 1994); and (4) pore pressure variation during coring,
specimen extrusion, and specimen trimming (Kimura and Saitoh,
1984; Safaqah and Riemer, 2006).

The change in shear stiffness (S-wave velocity) from values
measured in situ VF to those measured in the laboratory Vlab at the
same stress conditions is a good indicator of disturbance (Landon
et al., 2007). The extent of sampling disturbance also depends on
soil type (Rinaldi and Santamarina, 2008; Stokoe and Santamarina,
2000; Tatsuoka and Shibuya, 1991). Figure 3 shows shear wave
velocities of clays, sands, and cemented soils/rocks obtained both in
the field VF and the laboratory VLab. It has been observed that (1)
soft clayey or fine-grained sediments can either gain (reconsoli-
dation upon reloading to in situ effective stress conditions) or lose
stiffness during sampling (destructuring caused by coring induced
strains); (2) stiff clayey sediments tend to experience smaller
sampling induced stiffness changes, suggesting that the fabric of
stiff clayey soils can be well preserved; (3) loose sandy coarse-
grained soils tend to gain stiffness due to densification; (4) most
coarse-grained soils tend to lose stiffness during sampling due to
dilation and/or the loss of diagenetic cementation during sampling.
Softening during sampling should be expected in most coarse-
grained sediments with a field velocity VF > 150e200 m/s; and
(5) cemented soils or rocks (Vs > 1000 m/s) are also affected by
sampling. But most importantly, sampling bias has the greatest
effect onmost measured parameters. For example, small laboratory
specimens do not include joints and faults encountered in the field,
hence Vlab/VF can be highly elevated, while microfracturing is
responsible for the drop in Vlab/VF (Eberhardt et al., 1999).

3. Hydrate-bearing sediments: additional sampling effects

Accumulating experience with pressure core technology has
demonstrated that sediments with various concentrations of gas
hydrate can be recovered at near in situ pressure conditions. In
Figure 4. Sampling hydrate-bearing sediments. (a) In situ. (b, c) Unloading effective stress a
release in standard core.

Please cite this article in press as: Dai, S., Santamarina, J.C., Sampling
expedition, KrishnaeGodavari Basin example, Marine and Petroleum Ge
many cases, sampling disturbances associated with hydrate-free
sediments can also be applied to our understanding of hydrate-
bearing sediment related core disturbance. However, additional
effects are anticipated due to pressure and temperature de-
pendency of hydrate dissolution and dissociation, and the pro-
nounced time dependent relaxation of crystalline hydrate. These
effects are explored next.
3.1. Pore-scale analysis

In situ hydrate-bearing sediments are subjected to effective
stress, temperature, and water pressure conditions within the
hydrate stability field. Figure 4 illustrates a pore-scale analysis of
potential sampling effects. As shown, coring releases effective
stress and induces matrix sediment skeleton expansion
(Figure 4b). Tensile strain localization at cemented contacts causes
bulk hydrate fracturing or debonding, and the potential for local
hydrate dissociation even while the sample pressure and tem-
perature conditions remain in the stability field (Jung and
Santamarina, 2011). Methane hydrate within the stability zone
may still dissociate during mechanical compaction tests, causing
ductile deformation of hydrate crystals and free water release
(Durham et al., 2003).

The insertion of the corer bit and barrel generates shear along
the core (Figure 4c). Shear strains leads to dilation in dense-packing
sediments or contraction in loose-packing sediments. Such volume
changes (or associated pore pressure variation during rapid sam-
pling) may alter hydrate cementation and stability.

Gas hydrate dissociates when depressurization takes the spec-
imen outside the hydrate stability field (Figure 4d). Degassing is
typically associated with volume expansion, fines migration, gas-
driven fractures (Jung et al., 2011; Santamarina and Jang, 2009),
and carbon isotope fractionation of CH4 (Wallace et al., 2000).
Hydrate dissociation leads to pore water freshening and the
decrease in salt concentration that alters inter-particle electrical
forces and surface properties of clay particles (Santamarina et al.,
2001). The loss of hydrate mass decreases the sediment bulk stiff-
ness; loss in shear stiffness will depend on pore habit and initial
hydrate saturation (Lee et al., 2010). Additionally, depressurization
nd induced shear in pressure cores. (d) The additional consequences of water pressure

disturbance in hydrate-bearing sediment pressure cores: NGHP-01
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can also negatively impact pressure sensitive microbial commu-
nities (Hemmingsen and Hemmingsen,1980; Park and Clark, 2002).

All the above mentioned processes may preferentially affect the
specimen outer edges due to core wall shear and the specimen
center due to transient poroelastic effects as discussed next.
Figure 5. Vertical stress relaxation and pore pressure variation. (a) Poroelastic
modeling: unloading Ds of a cylindrical specimen under zero-lateral strain conditions.
Ambient water pressure is constantly u0. (b) Unloading induced pore pressure distri-
bution as a function of radial distance r ¼ x/R and time t ¼ tcv/R

2. (c) Peak pore
pressure drop Dumax/Ds as a function of the coring speed vcoring ¼ (cv/R).

Table 1
Sediment parameters for the poroelastic model used to study the MandeleCryer
effect in hydrate-bearing sediments.

Properties Unit Value

Shear modulus, G MPa 130
Drained Poisson's ratio, v e 0.2
Undrained Poisson's ratio, vu e 0.46
Porosity, n e 0.4
Skemption's coefficient, B e 0.9
Permeability, k mD 0.1
Fluid viscosity, m Pa,s 0.001
3.2. Unloading: poroelastic MandeleCryer effect and secondary
hydrate formation

The pore pressure response to a sudden stress change is not
homogenous throughout the specimen. This phenomenon is called
the MandeleCryer effect (Cryer, 1963; Mandel, 1953). Unloading-
induced skeleton rebound during sampling produces a drop in
pore pressure particularly at the center of the specimen (Safaqah
and Riemer, 2006).

The unloading Ds induced temporal and spatial variation of
pore pressure u (in the form of Laplace transform ~u) in a cylindrical
soil specimen radius R under zero lateral strain conditions is
(Appendix A) :

~u ¼ M
�
1� ah

GS

�
A1I0

�
r
ffiffiffiffiffiffiffi
s=c

p �
� aMA2: (2)

Numerical inversion of the Laplace transform of this equation
returns the relative pore pressure decrease (Du/Ds) in terms of the
dimensionless radius r ¼ x/R, where x is the distance from the
center of the core. Results in Figure 5b are presented for different
dimensionless time values t ¼ t/(R2/cv), where cv is the pore water
pressure diffusion coefficient (refer to Table 1 for parameter values
used in this computation). In this case, sediment permeability and
compressibility determine the pore pressure diffusion coefficient cv
in the dimensionless time t.

At the beginning of unloading, the skeleton rebound is hindered
by the “stiff pore water”, causing pore pressure decrease across the
specimen (t ¼ 0 in Fig. 5b). The pore pressure at boundaries
immediately recovers, creating ‘weakened’ boundaries accompa-
nied by a load transfer to inner zones. This leads to additional pore
pressure drops Du > Ds towards the center of the specimen (r < 0.7
andt ¼ 0.01e0.1 in Fig. 5b). The maximum pore pressure drop oc-
curs at the center of the specimen at time t¼ t/(R2/cv)z 0.06 and it
exceeds the in situ vertical effective stress, Du ¼ �1.17Ds (Note:
Du¼�1.28Ds for spherical geometry). Themagnitude of maximum
pore pressure drop increases with unloading rate, that is coring
speed vcoring, since slower unloading allows more time for pore
water pressure diffusion and homogenization (Fig. 5c).

Transient decrease in pore pressure can trigger hydrate disso-
ciation, fluid expansion, and gas-driven opening-mode disconti-
nuities across the cross section of the core. As the pore pressure
recovers, secondary hydrate may form. This sampling effect should
be expected when the in situ fluid pressure uo and effective stress
so

0 are such that

uo � 1:17s
0
o <uPB where uPB ¼ f

�
Tcoring

�
(3)

where uPB is the fluid pressure at the hydrate phase boundary for
the local temperature conditions during coring Tcoring. In other
words, MandeleCryer effects will manifest when the in situ fluid
pressure is low, the effective stress is high and/or the temperature
during coring is high.

Slices of the core X-ray tomogram obtained from hydrate-
bearing sediments recovered from the Ulleung Basin are shown
in Figure 6 for different rotations. The vertical hydrate lense aligned
with the core main axis observed in the images clearly show this
potential sampling effect (Fugro percussion Pressure Corer). Similar
Please cite this article in press as: Dai, S., Santamarina, J.C., Sampling disturbance in hydrate-bearing sediment pressure cores: NGHP-01
expedition, KrishnaeGodavari Basin example, Marine and Petroleum Geology (2014), http://dx.doi.org/10.1016/j.marpetgeo.2014.07.013



Figure 6. Is the long vertical hydrate lense along the core length a sampling induced hydrate artifact? Views of an X-ray tomograph captured every 20� (The tomogram gathered by
Geotek was post processed to show the hydrate phase only). This hydrate-bearing sediment core was recovered from the Ulleung Basin; similar longitudinal lenses are observed in
pressure cores recovered from the KrishnaeGodavari Basin. The possibility of this long lense being a sampling artifact is most likely.
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longitudinal features are observed in fine-grained sediments
recovered from KrishnaeGodavari Basin (Yun et al., 2010).

3.3. Post-sampling sediment creep and aging

The post-sampling stiffness evolution in frozen fine sands
(Ottawa F110)with different ice saturations (Sice¼ 0.15, 0.3, and 0.52)
was experimentally examined in this study as an analog for hydrate-
bearing sediments. The P-wave velocity of specimens after unloading
(from 50 kPa to 1 kPa) decreases exponentially with time V(t):

VðtÞ ¼ V0 � DV
�
1� e�at

�
(4)

where V0 is the initial velocity, DV is the total velocity loss at infinite
time, and tch ¼ 1/a is the characteristic time for the stiffness creep.
This relaxation time is tch z 10 min for all specimens in this study
(Fig. 7). Such a short period suggests inevitable stiffness loss in
hydrate-bearing sediments after sampling because most relaxation
effects will have finished even before the core reaches the deck of
the drill vessel.

Note that the compressive strength of methane hydrate is more
than 20 times stronger than that of water ice under identical tem-
perature and strain rate conditions (Durham et al., 2003), but their
tensile and adhesive strength are similar (Jung and Santamarina,
2011). Therefore, the stiffness loss after unloading in hydrate-
bearing sediments with cementation-type pore habit is expected
to be comparablewith results obtainedwith frozen soils shownhere.
While this pore habit is anticipated in excess gas systems only, it does
provide an adequate upper bound for creep effects.

3.4. Core testing within the gas stability field conditions

Recovered hydrate-bearing sediments experience pressure and
temperature changes, even when they are kept within the stability
field using pressure core technology. Contrary to bulk conditions,
methane solubility in water in the presence of methane hydrate
Please cite this article in press as: Dai, S., Santamarina, J.C., Sampling
expedition, KrishnaeGodavari Basin example, Marine and Petroleum Ge
increases with decreasing pressure and increasing temperature.
The isochoric analysis of the variation in hydrate saturation due to
pressure and temperature changes indicates that the decrease in
methane solubility caused by a 1 K decrease in temperature is
approximately equivalent to the effect induced by a 20 MPa pres-
sure drop. In other words, a simultaneous decrease in both pressure
and temperature with a gradient vP/vT z 20 MPa/K (dash line in
Fig. 8) will not alter methane solubility or hydrate saturation. Thus,
by neglecting the effects of pressure, the change in hydrate satu-
ration DSH can be estimated from the temperature change DT as
(Appendix B):

DSH ¼ 0:001
�
DT
1K

��
1� SH0

�
(5)

where SH0
is the initial hydrate saturation. Computed values show

only minor changes in hydrate saturation with common laboratory
pressure and temperature variations during pressure core testing.
This observation allows testing hydrate-bearing sediments at lower
and safer pressures without significant changes in the hydratemass
as long as minor changes in temperature are accounted for in the
analysis. Gradual pressure-temperature changes will provide
enough time to maintain equilibration conditions in the sediment
core sample.
3.5. Anomalous hydrate preservation

Experiments show that methane hydrate can be temporarily
preserved outside the stability field as local water temperatures fall
below water freezing conditions; this is known as hydrate self-
preservation or anomalous preservation (Stern et al., 2001;
Yakushev and Istomin, 1992). This anomalous preservation
regime extends from 240 K to 273 K at atmospheric pressure
(Iwasaki et al., 2005; Melnikov et al., 2010; Stern et al., 2001). The
lower bound of this regime 240 K is the transition temperature
from cubic ice Ic to hexagonal ice Ih, where the annealing of ice
disturbance in hydrate-bearing sediment pressure cores: NGHP-01
ology (2014), http://dx.doi.org/10.1016/j.marpetgeo.2014.07.013



Figure 7. Stiffness creep after unloading (from 50 kPa to 1 kPa) for specimens with
different ice saturations Sice. Experimental data (markers) are fitted with an expo-
nential decay model (lines).
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stacking occurs (Kuhs et al., 2004; Murray and Bertram, 2006).
Hydrate dissociation within this temperature regime undergoes
four stages: (1) initial fast hydrate dissociation (Takeya et al., 2001);
(2) supercooledwater fromhydrate dissociation forms a thin film of
ice outside the residual hydrate crystals (Melnikov et al., 2009); (3)
the ice shell slows down gas escape, yet it is not strong enough to
encapsulate and fully stabilize the hydrate; and (4) hydrate disso-
ciation virtually stops when the external ice shell is strong enough
to keep inner hydrate stable; gradually, the included gas molecules
within the encapsulated gas hydrate escapes by solid-state diffu-
sion (Davidson et al., 1986; Stern et al., 2000; Takeya et al., 2001; Tse
and Klug, 2002). The ice fraction that renders themaximumvolume
fraction of hydrate preserved by the ice shell is approximately 50%
Figure 8. Effects of changes in pressure and temperature on hydrate saturation. The
hydrate saturation within stability zone increases with decreasing temperature and
increasing pressure. The change in hydrate saturation due to a 1 K decrease in tem-
perature is approximately the same as produced by a 20 MPa increase in pressure.

Please cite this article in press as: Dai, S., Santamarina, J.C., Sampling
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at 240 K but less than 2% at 270 K, assuming the tensile strength of
ice is st ¼ 2.316e0.013(T/�C) MPa (Petrovic, 2003).

Several other mechanisms are involved in self-preservation,
including: (1) hydrate micro-structure in that quenched or
rapidly cooled natural methane hydrate is noticeably less prone to
fracturing or flaking than synthesizedmethane hydrate (Stern et al.,
2001); (2) the time allowed to re-freeze the supercooled water
ranges from tens of hours at 270 K to few seconds at 253 K, and it
depends on the size of water droplets (Melnikov et al., 2009); (3)
the ice cover formed at high degrees of supercooling will be less
effective (Melnikov et al., 2010); and (4) Ostwald-ripening reduces
grain to grain boundaries especially at higher temperatures.

The anomalous preservation of methane hydrate allows for the
temporary manipulation and sub-sampling of frozen hydrate-
bearing sediments without using high pressure chambers.
Methane hydrate is also stable at T < �80 �C at atmospheric pres-
sure. Therefore, hydrate-bearing sediments have been quenched in
liquid nitrogen at atmospheric pressure to transfer core samples
into test chambers when pressure core characterization technology
is not available. But it is important to note that water freezing and
expansion, and gas exsolution can cause irreversible core damage
that may have marked effect on core properties such as the small-
strain stiffness.
4. Discussion: characterization of hydrate-bearing sediments

4.1. Pressure core technology

Pressure core technology allows the manipulation (e.g., coring,
transferring, sub-sampling, and testing) of hydrate-bearing sedi-
ments while maintaining pressure and temperature conditions
within the hydrate stability field (Santamarina et al., 2012;
Schultheiss et al., 2009).

Ideal sampling methods should maintain not only pressure and
temperature, but also the effective stress throughout core manip-
ulation and testing. Recompression tends to revert sampling dis-
turbances except in brittle soft clays or loose sands (Bjerrum, 1973;
Ladd and DeGroot, 2003; Landon, 2007). Restored effective stress is
critical for themeasurement of stress-dependent properties such as
stiffness and strength in all sediments, including hydrate-bearing
sediments.
4.2. Coring speed

Coring speed determines the unloading rate (i.e., stiffness loss)
and affects the magnitude of transient pore pressure drop
(i.e., possible dissociation and secondary hydrate formation). To
minimize the transient pore pressure drop, the rate of coring
R/vcoring should be lower than the rate of pore pressure dissipation
R2/cv, where R is the specimen radius and cv is the pore water
diffusion coefficient (see also Fig. 5c). Therefore, the coring velocity
vcoring for improved core quality should satisfy the following
relationship:

vcoring < < cv=R: (6)

Hydrate-bearing sediments in KrishnaeGodavari Basin have
cv z 1.2 � 10�4 m2/s (Yun et al., 2010). Consequently, the coring
velocity should be significantly slower than vcoring � 17 m/h to
allow pore pressure dissipation in a 5 cm-diameter core.
4.3. Coring system design

The following coring system characteristics may help reduce
sample disturbance, based on the results of previous experimental
disturbance in hydrate-bearing sediment pressure cores: NGHP-01
logy (2014), http://dx.doi.org/10.1016/j.marpetgeo.2014.07.013
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and numerical studies (Clayton and Siddique, 1999; Clayton et al.,
1998; La Rochelle et al., 1980; Lunne et al., 2006):

� Sharp core shoe cutting angle: angle lower than 5�

� Thin sampler wall thickness: wall to radius ratio t/R < 8%
� Low friction material along inside and outside corer walls
� Low inside clearance relative to the core radius g/R

The clearance between the liner and the sediment g/R de-
termines the core recovery ratio in soft unconsolidated sediments
that swell against the liner during insertion. Consequently, there is
a trade-off between preventing radial stress relaxation and plug-
ging: smaller clearance g/R minimizes specimen lateral strain, but
leads to higher lateral stress on the inner wall and wall friction that
may prevent the sediment from sliding into the sampler (i.e,
jamming).

5. Conclusions

Sediment sampling causes unavoidable stress relaxation and
strains that may alter the physical and mechanical properties of
natural soils. Furthermore, pressure and temperature changes
during sampling can cause additional disturbances to sediment
samples when gas-rich fluids or hydrates are present within the
core. The main lessons learned from field expeditions including the
NGHP-01 KrishnaeGodavari Basin expedition are:

� The prevailing hydrate topology in fine grained sediments
consists of segregated hydrate in the form of nodules and lenses.
Fine-grained sediments affect the hydrate stability zone and
readily create undrained conditions (i.e., pore pressure change)
during stress and strain variations, including sampling.

� Undrained unloading causes a marked transient pore pressure
drop at the center of the specimen (i.e., poroelastic Man-
deleCryer effect). The coring speed should vcoring << cv/R to
avoid undrained conditions.

� Pressure dropmay couplewith coring induced heating to trigger
transient hydrate dissociation followed by secondary hydrate
formation. The longitudinal hydrate lenses observed in tomo-
graphic images of pressure cores recovered from Krish-
naeGodavari Basin (India) and Ulleung Basin (Korea) may have
been caused by poroelastic sampling effects.

� The expansion of the sediment skeleton during sampling may
trigger hydrate tensile failure or hydrate-mineral debonding;
these effects are lessened by slow coring/relaxation. The char-
acteristic relaxation time is approximately 10 min for specimens
analyzed in this study using ice as a hydrate analog. Such a short
relaxation time suggests unavoidable stiffness loss in hydrate-
bearing sediments after sampling because most relaxation ef-
fects will have asymptoted even before the core reaches the
deck of the drill ship.

� The isochoric analysis of the variation in hydrate saturation
due to PeT changes shows that the decrease in methane sol-
ubility caused by a 1 K decrease in temperature is approxi-
mately offset by the change induced by a 20MPa pressure drop.
This observation allows testing hydrate-bearing sediments at
lower and safer pressures without significant changes in the
hydrate mass as long as minor changes in temperature are
accommodated and changes are implemented at low rate to
allow for equilibration.

� To minimize sampling disturbances, core samplers should have
a sharp shoe cutting angle (<5�), thin sampler wall thickness (t/
R < 8%), low wall friction, and adequate inside clearance relative
to the core radius g/R. There is a trade-off between preventing
radial stress relaxation and core jamming: smaller clearance g/R
Please cite this article in press as: Dai, S., Santamarina, J.C., Sampling
expedition, KrishnaeGodavari Basin example, Marine and Petroleum Ge
minimizes specimen lateral strain but leads to higher lateral
stress on the inner wall and wall friction; thus, controlling the
core recovery ratio in soft sediments.
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