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Abstract. The pore habits of gas hydrate in natural sediment matrices provide essential clues for understanding

physical (mechanical, thermal, hydraulic, and electrical) properties of hydrate-bearing sediments, yet there are
no tools that can directly visualize the pore habits of natural gas hydrate other than indirect interpretation based
on core-scale or field-scale observations. A significant challenge is to obtain a mini-core from pressure cores
retrieved from natural reservoirs for high-resolution micro-CT (computed tomography) scans while maintaining
pressure and temperature conditions required for stability of gas hydrate during all operational steps including
manipulation, cutting, transferring, sub-coring and CT scanning. We present a new set of tools for pore-scale
micro-CT imaging of natural hydrate-bearing sediments while maintaining pressure and temperature control.
The tests with laboratory-prepared cores and pressure cores successfully demonstrate the capability of this set of
tools to subsample a mini-core from pressure cores, transfer the mini-core to an X-ray transparent core holder,
and conduct micro-CT scans. Successfully obtained CT images prove the functionality of this set of tools.

1

Introduction

Physical properties of deep marine gas hydrate-bearing sediments draw growing attention as they are a critical input
for predicting energy extraction efficiency, seafloor settlement and wellbore stability. Due to high pressure in typical energy-enriched environments, gas bubbles as well as the
dissolved gas in the fluid can expand drastically when depressurized. Gas hydrate in solid crystalline form can release
gas with ∼ 164 times the hydrate volume under standard conditions (Boswell and Collett, 2011). High pressure and low
temperature are required to maintain the stability of gas hydrate (Makogon, 1997; Sloan and Koh, 2007). If the fluid
pressure is not maintained during the coring process, the gas
contained in the sediment pores, in the form of free gas, dissolved gas or solid gas hydrate, could expand drastically and
potentially destroy the initial fabric of the sediments. Physi-

cal properties such as permeability and mechanical strength
are directly affected by the sediment fabric. Maintaining the
original sediment fabric, therefore, is of critical importance
for the characterization of these sediments. Additionally, the
study of hydrate-bearing sediments requires the preservation
of hydrate and its pore habits in natural environments, which
is of special interest because gas hydrate as a solid is a part
of the sediment skeleton that affects both the mechanical
and hydrological behaviors of the sediments (Boswell, 2009;
Boswell and Collett, 2011).
A pressure-coring technique, which preserves the fluid
pressure of the sample during the coring process (Amann et
al., 1997; Dickens et al., 2003; Kvenvolden et al., 1983; Pettigrew, 1992; Qin et al., 2005; Dai et al., 2012; Schultheiss
et al., 2009), is maturing rapidly with gas hydrate exploration activities in Japan, South Korea, India, China, and recently the US (Collett et al., 2019; Flemings et al., 2018; Ya-
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mamoto, 2015; Yun et al., 2011; Zhang et al., 2014). The
physical properties of pressure cores have been measured
at core scale with specially developed tools (Fang et al.,
2020; Priest et al., 2019; Santamarina et al., 2015; Yoneda
et al., 2018; Yoneda et al., 2019; Yun et al., 2011), covering mechanical, thermal, hydraulic and electric properties.
Interpretations of the results are largely based on idealized
pore habits: grain coating, cementing and pore filling (Dai et
al., 2012; Waite et al., 2009; Yun et al., 2007). Defining the
real distribution and morphology of hydrate within the sediment matrix is critical for understanding the sediment physical properties and resulting interpretations. However, there
are no tools that allow for direct visualization of pore-scale
behaviors of natural hydrate-bearing sediments to date.
A micro-CT (computed tomography) technique utilizing
phase contrast has been developed to obtain the pore-scale
structure of laboratory-synthesized methane hydrate-bearing
sediments (Lei et al., 2018), but the core size must be less
than 10 mm in order to achieve high-resolution scans. The diameter of whole-round pressure core samples from currently
available pressure core drilling tools is > 50 mm (Schultheiss
et al., 2009). Therefore, a toolset is essential to enable the retrieval of a mini-core from a larger pressure core while maintaining the pressure and temperature of the hydrate-bearing
sediments under in situ conditions during the whole process.
Sub-coring tools have been developed for this specific purpose (Jin et al., 2014; Schultheiss et al., 2009; Parkes et al.,
2009), but they have not been applied to pressure cores for
pore-scale micro-CT scanning.
This work presents a set of tools that can subsample a
mini-core from pressure cores and transfer it into an X-ray
transparent core holder under in situ conditions. The minicore is then scanned with a micro-CT scanner with a resolution of 2 µm. Mini-core sub-coring and transferring processes
are presented together with basic operations on full-size pressure cores including grabbing, manipulation, and cutting.
Details on CT scan configuration and the X-ray transparent core holder are covered in Lei et al. (2018) and Seol et
al. (2019).

2

Concept of design and operation procedure

This section describes the concept design and operational sequence to achieve the desired functionality. The requirement
is to drill a mini-core (9.5 mm in diameter) out of the original
pressure core (50 mm in diameter) and transfer the mini-core
into the attached micro-CT scanning assembly. Temperature
is maintained inside an environmental chamber at 6 ± 0.5 ◦ C
where drilling and transfer of the mini-core occur. The fluid
pressure is maintained by ISCO high-pressure syringe pumps
at 24.1 MPa (3500 psi). The pressure rating of this system is
34.5 MPa (5000 psi). Due to the pressures required for such
a process, this set of tools is designed to ASME B31.3 and
ASME BVPC Section VIII, Div 1, where required. The miniSci. Dril., 29, 59–67, 2021

core together with its hosting micro-CT scanning assembly is
then covered in thermal insulation and relocated to the microCT scanner for 3D pore-scale scanning. Figure 1 shows the
key components that enable this capability: (a, b) the manipulator and cutter used for general pressure core manipulation,
temporary storage and cutting; (c, d) the sub-coring tool to
drill a mini-core; and (e, f) the sub-coring chamber where the
mini-core drilling occurs and the attached micro-CT scanning assembly to receive and scan the mini-core with X-ray
CT. The functions of each component will be described in
the following sections.
2.1

General operations for pressure cores

The pressure core is retrieved from the Gulf of Mexico during the University of Texas (UT) Hydrate Pressure Coring
Expedition 1 (UT-GOM2-1), at the well in Green Canyon
Block 955 (GC 955). The core is from the hydrate reservoir
between 425 and 428 m below the sea floor, and the reservoir
is composed of fine sands interbedded with clays according
to the LWD log characterization (Fang et al., 2020; Boswell
et al., 2012).
Pressure cores are initially held under pressure in specially
designed transport chambers. A series of operations are required to manipulate and cut the pressure core into proper
lengths before they get transferred into various function modules, such as a cutter or a CT scanning chamber, for specialized characterization. There is literature available (Santamarina et al., 2012; Schultheiss et al., 2009) describing the general concept of pressure core manipulation. Figure 2 shows
the cross-section view of a typical pressure core transfer process: (a) pressurize the temporary storage chamber and the
space between two ball valves with deionized water to the
same pressure as that in the transportation chamber; (b) open
the two ball valves and use the grabber to grab the core sleeve
in the function module (transportation chamber as an example here); note that the friction between the pressure core and
the sleeve binds them together; (c) transfer the pressure core
to the temporary storage chamber by retrieving the grabber
and close the left ball valve. The key component of pressure
core handling is the manipulator module (Fig. 1a and b). It
consists of a manipulator that pushes or pulls pressure cores
inside core sleeves with a sleeve grabber, a temporary storage
chamber, and a ball valve (components A, B and C in Fig. 2).
Two viewports are installed on the temporary storage chamber to visually check the position and quality of the pressure
core. The pressure core is retrieved from a function module
with the procedure displayed in Fig. 2. A similar approach is
used to insert the pressure core into other function modules.
Note that the function module could be a cutter (Fig. 1a),
storage chamber, sub-coring chamber (Fig. 1e and f), or any
other stand-alone modules built for specific purposes.
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Figure 1. Pressure core Characterization and X-ray visualization Tool (PCXT) components. (a) Manipulator module and automated cutter,

(b) section view of the manipulator module, (c) sub-coring tool, (d) section view of the sub-coring tool, (e) sub-coring chamber and microCT scanning assembly that includes a small ball valve, core holder adapter and beryllium core holder, and (f) section view of the sub-coring
chamber and micro-CT scanning assembly.

2.2

Pre-operations before sub-coring

Core-scale CT scans that provide the overview of the whole
core could help verify the status and quality of the pressure
core before any further operation, since the pressure core degrades during transportation and long-term storage, due to
the lack of effective stress-caused core expansion and hydrate dissolution into surrounding water (Dai and Santamarina, 2014; Jang et al., 2019a). A pressure core initially stored
in a transportation chamber is transferred into the CT scanning chamber for the core-scale overview scan first. After
the core-scale CT scan, the pressure core is transferred from
https://doi.org/10.5194/sd-29-59-2021

the CT scan chamber into the manipulator. Then the pressure
core is pushed into the automated cutter, placed at a predetermined location, cut into appropriate lengths, and pushed
further into the position for the sub-coring process (Fig. 3).
The residual pressure core is pulled back to the temporary
storage chamber for other purposes.

2.3

Sub-coring and mini-core transfer

Once the sub-coring chamber is detached from the cutting assembly and attached to the sub-coring tool, the cut pressure
Sci. Dril., 29, 59–67, 2021
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Figure 2. General operations for pressure core manipulation (mod-

ified from Santamarina et al., 2012). The manipulator module includes manipulator, temporary storage chamber and ball valve.

Figure 4. Sub-coring of cut pressure core and mini-core transfer

Figure 3. Pressure cores being cut to appropriate lengths and transferred into the sub-coring chamber. (a) Equilibrate the pressure in
all the components; (b) push the pressure core to the predetermined
position and cut it; (c) push the pressure core to the sub-coring
chamber; (d) retrieve the remaining pressure core into the temporary storage chamber.

core inside the sub-coring chamber is ready for sub-coring
(Fig. 4a). The sub-coring tool consists of three main layers:
the outer shell that holds the pressure, the middle layer and
connected drill bit to drill a mini-core from the pressure core,
and the inner layer that pushes the drilled mini-core into the
micro-CT scanning assembly. The standard drill bit is designed to cut hard cores and made of 316 stainless steel,
with an ID of 9.35 mm (0.368 in), OD of 12.7 mm (0.5 in)
and depth of 163.8 mm (6.45 in). The OD of the drill bit tip
(63.5 mm or 2.5 in, longer than the expected mini-core) can
reduce to eliminate sample disturbance in softer cores, e.g.,
10.57 mm (0.416 in) when pushing through hydrate-bearing
pressure cores. Note that the advancing and rotating of the
drill bit are independent in this design, driven by specially
designed wrenches and manually operated handles (Fig. 1c
and d).
The drill bit is first pushed against the core without being
rotated, which can also be observed from the viewport on the
sides (Fig. 1f). The viewports (Encole LLC, NPT 3/4) are
Sci. Dril., 29, 59–67, 2021

into micro-CT scanning assembly that includes small ball valve,
chamber adapter, and beryllium core holder. (a) Assemble the subcoring components and attach them to the chamber that contains
the cut pressure core; (b) open the ball valve and advance and drill
through the pressure core; (c) advance the drill bit now containing
the mini-core to pass the small ball valve and use the center rod
in the inner layer to push the mini-core out of the drill bit towards
the end of the beryllium core holder; (d) retract the drill back to
its original position. Note the anti-slip pad and its location in the
sub-coring chamber (green frame in panel a).

rated up to 6170 psi with the diameter of window 14.0 mm
(0.55 in). There is an anti-slip pad with teeth of sharpened
screws in a radial pattern outside the center sampling area
penetrating the pressure core and resisting the rotation of
the core while drilling. To subsample the pressure core, the
rotating and pushing of the drill bit occur simultaneously
with different combinations according to the properties of the
core. For a hard core such as sandstone, a higher rotation-toadvance ratio is recommended. For soft sediments, the drill
bit can be punched through the sediment without rotation.
After the drill bit cuts through the core (Fig. 4b), the drill
bit continues to advance through the small ball valve with
the mini-core in it. Then the center rod pushes the axial constraint pad against the mini-core to send the mini-core to the
beryllium core holder (Fig. 4c). The axial constraint pad is
left inside the micro-CT scanning assembly to provide axial support for the mini-core during hydrological–mechanical
testing, and its length is pre-determined according to the
length of the obtained mini-core. Both the center rod and the
drill bit are retracted from the small ball valve so that the
small ball valve can be closed to secure the pressure inside
the micro-CT scanning assembly (Fig. 4d). The pressure in
https://doi.org/10.5194/sd-29-59-2021
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Figure 6. Mini-cores drilled under pressure with this set of tools.
Figure 5. Micro-CT scan of a mini-core under pressure and tem-

perature control.

the sub-coring chamber can be released to dissociate hydrate
in the residual pressure core after sub-coring.
The micro-CT scanning assembly is designed to conduct
triaxial testing; therefore, the axial support of the mini-core
against the pushing pad is critical. Note that the other end of
the pushing pad is against the ball of the small ball valve.
Therefore, the main body and tail of the pushing pad are
made of aluminum and a thin layer of Teflon (1/16 in or
1.6 mm) to increase the stiffness of the pushing pad and prevent scratching of the ball valve surface.
2.4

Micro-CT scan of mini-cores

The micro-CT scanning assembly containing the mini-core
is detached from the sub-coring tool (Fig. 5a) before it is
transferred and mounted on the rotary stage in the microCT scanner (Fig. 5b). Temperature and pressure controls are
required to maintain the stability of gas hydrate in the minicore. A Peltier plate is used to control the temperature during
CT scanning by transferring heat from the micro-CT scanning chamber and dissipating the heat into the environment.
The plate should be turned on at least 1 h before the minicore transfer so that the rotary stage is pre-chilled to reduce
temperature disturbance to the mini-core. One ISCO highpressure syringe pump is connected to both the top pore
pressure line and confining fluid line to maintain the fluid
pressure. Such a configuration does not apply any effective
stress on the core. Micro-CT scans are conducted to obtain
3D structures of the mini-core. Note that the pressure line
and power cables for the Peltier plate are all flexible to allow
the rotation of the micro-CT scanning assembly during CT
scans.
Detailed CT scan configuration and image processing are
covered in Lei et al. (2018). Previous results of hydrate
https://doi.org/10.5194/sd-29-59-2021

(a) Two mini-cores at the top show the capability of this tool to drill
through hard sandstones. (b) Mini-core sampled by drilling through
a segment of the pressure core.

formation, dissociation and mechanical testing on hydratebearing sediments with laboratory-synthesized cores can be
found in Lei and Seol (2020) and Lei et al. (2019a, b).
3
3.1

Results
Sub-coring under pressure

Sub-coring was successful on both hard sandstone and soft
hydrate-bearing sediments under targeted pressure and temperature conditions (Fig. 6), which demonstrates the capability of this set of tools. When drilling through a hard sandstone
core, the mini-core broke into two segments during drilling
due to shear-induced cracks (Fig. 6a), but this would not affect the micro-CT scanning as a piece of intact sample larger
than 3 mm3 is sufficient for a pore-scale micro-CT scan. As
for natural hydrate-bearing sediments, the original pressure
core degraded during the long-term (∼ 2 years) storage and
recent manipulations before the sub-coring. Therefore, the
drill bit was pushed through the pressure core without any
rotation, and the obtained mini-core did not have a perfect
column shape (Fig. 6b), but there are intact blocks of hydratebearing sediments in this mini-core, which is large enough to
capture the stratigraphic features in the radiographic image,
proving its sub-coring capability.
3.2

Pore-scale imaging of hydrate-bearing sediments

Figure 7 shows 3D high-resolution micro-CT images of a
mini-core from natural gas hydrate-bearing sediments. Three
different phases including sediment particles, pore fluid and
natural gas hydrate can be identified at pore scale. The voxel
size is 2.3 µm, and sediment particle sizes range from 20 to
Sci. Dril., 29, 59–67, 2021
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can easily penetrate the core but do not affect the mini-core
quality. When the drill bit is punched through the pressure
core, we risk both compression against the core and shear
at the side of the mini-core, which is challenging to analyze.
Sample disturbance is unavoidable during the coring process.
However, for the purpose of visualization of pore-scale hydrate distribution, a small piece of the well-preserved core
as seen in both mini-cores in Fig. 6 is sufficient, proving the
toolset successfully serves its designated purpose.
4.2

Toolset features

Figure 7. One slice of the 3D image obtained from the micro-CT

scan of subsampled natural hydrate-bearing sediments: (a) raw image and (b) false-colored image (hydrate in blue; note that the noise
in the raw image is preserved).

50 µm. Note that the pore fluid contains some sodium iodide
(NaI) salt. The fluid in the core space of the micro-CT scanning chamber contained 7 wt % of KI initially before the core
holder received the mini-core, and this salt concentration is
higher than the 5 wt % in our previous publication (Lei et al.,
2018). This 7 wt % of salt concentration was selected considering fluid mixing with the original pore fluid in the sediment
and fluid exchange with the sub-coring chamber filled with
deionized water so that the salt concentration of the pore fluid
decreases when the system reaches equilibrium. According
to the attenuation coefficient analysis based on the effective
X-ray spectrum, the brightness of sediment particles, pore
fluid and gas hydrate decreases in that order; therefore, the
darkest spot in the raw CT image is gas hydrate.
4
4.1

Discussion
Sample disturbance

Sample disturbance is present in any sampling technique, as
the sampling process is inherently associated with different
sources of disturbance, including change in effective stress
and pore fluid pressure, sample transportation and storage,
sample manipulation before testing and so forth (Baligh et
al., 1987; Rochelle et al., 1981; Sheng and Carlos, 2014).
In the two sub-coring practices with this toolset, there is
clear evidence of sample disturbance. When the hard sandstone is used, the drilled mini-core breaks into two segments,
as shown in Fig. 6a. This is very likely due to the friction
between the drill bit and the mini-core, and the mini-core
breaks when the drilling torque exceeds the lateral shear
strength of the mini-core. Similar phenomena are often seen
in pressure cores (Dai and Santamarina, 2014; Jang et al.,
2019b; Fang et al., 2020). Meanwhile, the four teeth on the
anti-slip pad damage the surface of the sandstone, but the
damage occurs on the outer residual portion of the sample
and therefore does not affect the quality of the mini-core
taken from the center. As for the soft sediments, the four teeth
Sci. Dril., 29, 59–67, 2021

This set of tools has several features that facilitate the porescale micro-CT scanning.
1. Small mini-core diameter (9.5 mm). This core diameter
enables high-resolution micro-CT scanning with a resolution of 2 µm, therefore allowing for natural gas hydrate identification in pore sizes of 20 µm.
2. Applicable on a wide range of cores. As demonstrated,
this tool can subsample mini-cores from both hard and
soft cores.
3. Simple and robust core transfer mechanism. The drilling
and pushing of the mini-core with this set of tools are
along a straight line and only involve the drill bit advancing to deliver the mini-core to the micro-CT scanning assembly.
4. Manual handles in the drilling process. Manual controls on drill rotation and advancement during the subcoring process allow operators to get a direct sense of
stress and resistance, thus reducing the likelihood of
damage/breakage of the mini-core and original pressure
core.
5. Anti-slip pad during sub-coring. The teeth sticking into
the pressure core during the drilling process can fix the
position of the original pressure core while the drill bit
rotates. This approach utilizes the compression between
the drill bit and the core and therefore requires no additional pressure core-grabbing mechanism.
6. No additional cutting on the mini-core is required after the drilling process when compared with the tools
reported in Parkes et al. (2009).
7. Drilling through the center of the pressure core. An alternative strategy is to drill through the side of the pressure core, which involves drilling through the plastic
core sleeve outside the pressure core. There would be
a piece of plastic at the end of the mini-core, which prevents axial permeability measurements. Furthermore,
to conduct a permeability test, the alternative strategy
needs a mechanism to remove the plastic liner from the
mini-core end.
https://doi.org/10.5194/sd-29-59-2021
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8. Precise control of the mini-core position after core
transfer. All the other existing techniques simply push
the mini-core into the next testing chamber (Jin et al.,
2014; Parkes et al., 2009; Schultheiss et al., 2009),
therefore not having control of the mini-core position.
The procedure in this study pushes the mini-core into
the rubber sleeve which is at the center of the micro-CT
scanning assembly.
9. Permeability and mechanical testing of the mini-core
are achievable. The micro-CT scanning assembly has a
rubber sleeve (Fig. 1f) separating the mini-core and confining fluid to enable the application of lateral confining
pressure and a functional end piece that can hydraulically drive a piston to apply axial pressure. Influent and
effluent ports allow for flowing fluid through the minicore (further details in Seol et al., 2019). This permits
hydrological and mechanical testing of the mini-core,
although these tests were not conducted in this study
due to the quality of the degraded pressure core.
4.3

Potential applications

Direct application. Gas hydrate in nature contains a large
amount of natural gas (Boswell and Collett, 2011; Milkov,
2004). Therefore, if commercial gas production is achieved,
gas hydrate has the potential to expand the worldwide energy
supply. Pore habits within single pores and inter-pore distribution of gas hydrate in sediments reflect formation histories
(Lei et al., 2019a); therefore, they can vary in different reservoirs. Major energy consumers and importers such as the US,
China, Japan and India are investing extensively in hydrate
pressure core research, targeting commercial gas production.
This set of tools provides pore-scale insight into the reservoir, which helps us to understand the behavior of hydrate
during formation, evolution and production. Physical properties such as permeability, thermal conductivity, mechanical stiffness and strength are highly dependent on the pore
habits and distribution of gas hydrate in the sediment matrix. These properties are key input parameters to predict gas
production rates and evaluate the cost–benefit ratio through
reservoir simulations. Therefore, this sub-coring process and
the subsequent micro-CT studies it enables are needed prior
to pursuing direct field tests for gas production, especially
when offshore operations are involved. Such pore-scale 3D
studies help to reveal the interactive nature of hydrate crystals with sediment matrices and their mechanical integrity as
well as to acquire reliable quantitative prediction of reservoir
productivity.
The tools, used together with the micro-CT scanner, enable monitoring of the multiphase fluid’s behaviors in a
porous medium as the physicochemical substances change
in a chamber. Direct observations of dynamic flow patterns
of immiscible fluids, such as oil and brine or CO2 with brine,
are attainable through micro-CT analysis in responses to adhttps://doi.org/10.5194/sd-29-59-2021
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sorption, complexation, and dissolution reactions of the components. Those observations can also be applicable to conventional energy-related fields such as oil recovery, geologic
carbon storage and diverse environmental remedial technologies.
Indirect applications. Any applications that require subcoring processes within an isolated environment could use
the procedure described here. Since the chamber used in this
application could be a barrier for pressure, heat, electrical
current or any other physical, chemical or biological changes,
the procedure described herein could be used with minor
modifications.
5

Conclusions

This work presents a series of tools that enable the manipulation, transfer, cutting, sub-coring and CT scanning at
both core and pore scale of pressure cores while maintaining
pressure and temperature controls. The mini-cores created
demonstrate that the sub-coring tool can drill through both
hard and soft sediments under pressure and provide adequate
samples with intact segments. This set of tools along with the
testing procedure allows for the investigation of pore habits
of natural gas hydrate within the sediment matrix. Furthermore, this set of tools can be used for other potential operations that require environmental controls throughout all steps
of operation.
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