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A B S T R A C T

Hydrate-bearing sediments are relevant to the organic carbon cycle, seafloor instability, and as a potential
energy resource. Sediment characteristics affect hydrate formation, gas migration and recovery strategies. We
combine the physics of granular materials with robust compaction models to estimate effective stress and ca-
pillary pressure in order to anticipate the pore habit of methane hydrates as a function of the sediment char-
acteristics and depth. Then, we compare these results to an extensive database of worldwide hydrate accumu-
lations compiled from published studies. Results highlight the critical role of fines on sediments mechanical and
flow properties, hydrate pore habit and potential production strategies. The vast majority of hydrate accumu-
lations (92% of the sites) are found in fines-controlled sediments at a vertical effective stress between
σ′z = 400 kPa and 4 MPa, where grain-displacive hydrate pore habit prevails in the form of segregated lenses
and nodules. While permeation-based gas recovery by depressurization is favored in clean-coarse sediments, gas
recovery from fines-controlled sediments could benefit from enhanced transmissivity along gas-driven fractures
created by thermal stimulation.

1. Introduction

Methane hydrates trap between 3 × 1015-to-1 × 1016 m3 of carbon
in the permafrost, seafloor, and lake-bed sediments where high fluid
pressures and low temperatures keep the hydrate mass stable (Boswell
and Collett, 2011). The study of hydrate-bearing sediments has been
driven by environmental concerns (Ruppel, 2011; Ruppel and Kessler,
2017), mechanical stability (Yun et al., 2007; Waite et al., 2009) and
their resource potential (Collett, 2002; Boswell and Collett, 2006).

The sediment characteristics affect both hydrate formation as well
as the selection of potential gas production strategies. In particular,
hydrate pore habit depends on effective stress and pore-size-dependent
capillary pressure (Booth et al., 1998; Clennell et al., 1999; Dai et al.,
2012; Lei and Santamarina, 2019). The hydrate mass experiences low
capillary pressure in the large pores of a clean coarse-grained sediment
(without fines) as compared to the effective stress imposed by the
overburden, and the growing hydrate mass readily fills pores and in-
vades new ones without altering the sediment fabric; let's call this
endmember “pore-invasive” hydrate pore habit. In contrast, “grain-
displacive” hydrate pore habit takes place when high capillary pressure
builds up in the small pores of fine-grained sediments and hydrate
growth displaces the sediment grains to form segregated hydrate lenses

and nodules.
A proper understanding of hydrate morphology and sediment

characteristics will enhance the analyses of hydrate bearing sediments
in view of natural and engineered processes. In this study, we develop a
robust methodology to anticipate the pore habit of methane hydrates as
a function of the sediment characteristics and depth. Then, we compare
these results to an extensive database of worldwide sediment layers that
host methane hydrates compiled from published studies.

2. Fines-controlled pore size

Pore size dp, particle size d, specific surface Ss, and void ratio e are
inter-related (Table 1Eqs. (1)–(3) – Refer to the Supplementary Material
for details). The pore size dp in clean coarse-grained sediments is a
function of the grain diameter d, and ranges between dp = 0.15 d and
dp = 0.4 d for dense and loose packings (Table 1 Eqs. (4) and (5)). On
the other hand, the pore size dp in fine sediments can be estimated from
the void ratio e and specific surface Ss by assuming a parallel plate
configuration: dp = 2e/(Ssρm) where ρm is the mineral density (Table 1
Eq. (6)).

A small amount of fines can significantly alter the pore size and the
sediment mechanical and fluid flow properties (see the Revised Soil
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Table 1
Summary of equations required to compute the effective stress and capillary pressure profiles with depth.

Definition Equation Eq. # References

Specific surface Ss Plate-like = = = =S ts
area
mass

L
L t m t m Ss m

2 2
2

2 2 [1] Santamarina et al. (2001)

Sphere = = = =S ds
area
mass

r
r d m Ss m

4 2

(4 / 3) 3
6 6 [2]

Void ratio ez =ez
Vvoid
Vsolid

[3]

Pore diameter dp Sphere (loose) = =d d( 2 1)p Ss m Ss m
6( 2 1) 2.4 [4]

Sphere (dense) = =( )d d1p Ss m Ss m
2
3

6(2 / 3 1) 0.92 [5]

Plate-like = =d e tp z
ez

Ss m
2 [6]

Effective stress gradient
dσ′z/dz

= =+ g( )(1 )d z
dz

m w g
ez m w z

( )
1 where ez = f (σ′z)

[7]

Asymptotically-correct
exponential compaction model = + ( )e e e e( )expz H L H

z
c

where η = 1/3 for most marine sediments
[8] Gregory et al. (2006),

Chong and Santamarina
(2016)

Effective stress σ′z
= + + + =+ ( ) ( ) ( )z 3 2 2 exp 2 for 1/3eH

m w g z
eL eH
m w g c

z
c

z
c

z
c

(1 )
( )

( )
( )

2
3

1
3

1
3

[9]

Capillary pressure
Δu = uh - uw

=u Ts
dp
4 [10]

Notation: L= particle length, t = particle thickness, r= radius of a sphere particle, d= particle diameter, V= volume, φ= porosity, eL and eH= asymptotic void
ratios at low and high effective stress, σ′c= characteristic effective stress, η =model parameter (= 1/3 in this study), g = 9.81 m/s2, water density ρw≈1000 kg/m3

and unit weight γw = ρwg, mineral density ρm ≈ 2650 kg/m3, hydrate-water interfacial tension Ts = 0.032-to-0.039 N/m.

Fig. 1. The role of fines on sediment characteristics, physical properties and potential phenomena during gas production. The sketches capture critical concepts
captured in the Revised Soil Classification System RSCS (Jang and Santamarina, 2016; Park and Santamarina, 2017). Note: Fines fraction Ff = MF/MT where MF is
mass of fines and MT is total mass of a soil mixture. FF|flow indicates the threshold fines fraction for fluid flow and the FF|mech indicates the threshold fines fraction for
mechanical response (see details in Park and Santamarina, 2017; Park et al., 2018).
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Classification System RSCS in Park and Santamarina, 2017; Park et al.,
2018). Let's consider sediments as two-component mixtures (Fig. 1):
coarse grains (d > 75-μm) and fine grains (d ≤ 75-μm). The highest
fines content FF|mech at the transition from coarse-controlled to fines-
controlled mechanical response corresponds to the loosely-packed
coarse grains filled with densely-packed fine grains. The coarse skeleton
controls mechanical properties such as strength and stiffness when
FF < FF|mech (Fig. 1d). Conversely, fines form the load-carrying ske-
leton and control all engineering properties when coarse grains lose
contact between them at FF > FF|mech and float in the fine-grained
matrix thereafter (Fig. 1e). Clearly, the threshold fines fraction varies
with fines plasticity, as measured by the liquid limit LL (Jang and
Santamarina, 2016, 2017). For example, consider a sand with a loose-
packing void ratio eCmax = 0.81 (corresponding to a porosity
φ = 0.45). The threshold fines content is: FF|mech = 41% for silt with
LL = 30, FF|mech = 37% for kaolinite with LL = 50, FF|mech = 29% for
illite with LL = 120, and FF|mech = 19% for bentonite with LL = 300.
The threshold fines fraction for mechanical control FF|mech increases as
clays consolidate at higher effective stress. Therefore, we will adopt
effective stress-dependent soil classification boundaries in this study.

The role of fines is even more critical on fluid transport. The
threshold fines fraction for fluid flow FF|flow can be estimated by the
amount of fines in the form of a soft slurry needed to fill the densely-
packed sand (details in Park and Santamarina, 2017). Fines control
fluid flow as soon the amount of fines exceeds the threshold fines
fraction for fluid flow FF > FF|flow, which is lower than the threshold
fines fraction for mechanical control (Fig. 1). For example, consider the
same sand above: under dense packing conditions eCmin = 0.51 (cor-
responding to a porosity φ = 0.34), the threshold fines contents for
fluid transport are: FF|flow= 14.1% for silt with LL= 30, FF|flow= 9.0%
for kaolinite with LL= 50, FF|flow = 3.7% for illite with LL= 120, and
FF|flow = 1.3% for bentonite with LL = 300. Furthermore, fines can
migrate and clog the coarse-grained formation even when FF < FF|flow.

3. Hydrate pore habit - controls

The hydrate pore habit in natural sediments reflects the competing
effects of the “compacting” vertical effective stress σ′z and the “ex-
panding” capillary pressure difference Δu = uh – uw between the hy-
drate and water phases. As a first-order approximation, hydrate pore
habit is pore-invasive when σ′z > Δu, but is grain-displacive and forms
segregated nodules and lenses when Δu > σ′z (Dai et al., 2012).

The effective stress σ′z varies with depth z as a function of the se-
diment buoyant unit weight γsat - γw, so that dσ′z/dz = γsat - γw, where
the saturated unit weight γsat is defined by the void ratio ez and γw is the
unit weight of water (Table 1 Eq. (7)). In turn, the sediment void ratio ez
depends on effective stress σ′z. We adopt the asymptotically-correct
exponential compaction model shown as Eq. (8) in Table 1 to solve the
differential equation in order to determine the vertical effective stress
with depth z (Table 1 Eq. (9)).

The Young-Laplace equation predicts that the capillary pressure
Δu = 4Ts/dp is a function of the hydrate-water surface tension
Ts = 0.032-to-0.039 N/m and the sediment pore size dp. We use the
void ratio ez at depth z, and estimate the pore size dp (Table 1 Eqs.
(4)–(6) – Details in the Supplementary Material), and pore size dp to
compute the capillary pressure Δu with depth z (Table 1 Eq. (10)).

4. Hydrate accumulations

The physical models developed above allow us to estimate the ca-
pillary pressure Δu and effective stress σ′z at the depth z of known
hydrate accumulations to anticipate the hydrate pore habits. Table 2
summarizes published hydrate-bearing sediment data from 56 locations
around the world where hydrates have been recovered or inferred from
marine seismic data. We adopt the depth z* to the Bottom Simulating
Reflector BSR as the lower boundary for hydrate stability, and estimate
the vertical effective stress at the BSR (Table 1 Eq. (9)). On the other
hand, we assume that the representative sediment lithology for hydrate
formation corresponds to the section within 50 m above the BSR. In the
absence of location-specific sediment information, we extract nearby
lithological information from reports produced as part of the Deep Sea
Drilling Project DSDP, the Ocean Drilling Program ODP, or the Inter-
national Ocean Discovery Program IODP (Note: admittedly, lack of data
co-location adds uncertainty to the analyses).

Pore habit. Fig. 2a plots field cases in terms of capillary pressure Δu
and effective stress at the BSR σ′BSR where Δu and σ′BSR are computed
using equations in Table 1. Specific surface data is either published,
estimated from the composition of the fines fraction, or computed from
the reported liquid limit LL as Ss [m2/g] = 1.8∙LL – 34 (Santamarina
et al., 2002). For reference, we superimpose trend lines for three
nominal sediments using the specific surface values shown in Fig. 2b.
The thick black line on Fig. 2a divides the space into two regions ac-
cording to pore habit: grain-displacive when Δu > σ′BSR and pore-in-
vasive when Δu < σ′BSR. Available information (21 out of the 56 sites)
suggest that most hydrate occurrences fall within the grain-displacive
pore habit regime (19 out of 21 sites).

For example, the reported specific surfaces are SS= 87–94 m2/g for
KGB #32 and SS = 21–110 m2/g for ULB #50; as expected, these two
sites fall between the trend lines for SS = 10 m2/g and SS = 100 m2/g
(Fig. 2a). Specific surface values estimated from the reported liquid
limits are in agreement with trend lines as well; examples include:
SS= 115 m2/g for BOR #7, SS= 126 m2/g for NOR #15, SS= 38 m2/g
for BAS #18, SS = 105 m2/g for GOM #30, SS = 101 m2/g for GUA
#38, SS = 81–120 m2/g for HYR #40, and SS = 65 m2/g for BAL #52.
These results confirm that well tested correlations between index
properties can be most valuable to assess hydrate pore habits.

Fines-controlled flow and mechanical response. The middle panel,
Fig. 2c, plots the fines content for the 56 hydrate accumulations versus
the effective stress σ′BSR at the BSR. The computed thresholds for flow-
control FF|flow and mechanical-control FF|mech correspond to the three
types of fines listed in Fig. 2b (Input parameters in Table 3). These
boundaries capture the controlling role of fines on the mechanical and
fluid flow properties as a function of effective stress and specific sur-
face. Based on the available information, we can classify 46 out of the
56 sites using these boundaries: 2 sites have coarse-controlled proper-
ties, 2 sites fall in the transitional regime, and 42 of the 46 sites exhibit
fines-controlled mechanical and flow properties (Fig. 2c and d).

Coarse-controlled sites benefit from high permeability (gas re-
covery) and mechanical stability (simpler well completion – see Shin
and Santamarina, 2017). Note that Mt. Elbert #24 has a similar fines
content as Okushiri Ridge #49 and both will exhibit fines-controlled
permeability and mechanical response; yet Mt. Elbert #24 is at high
effective stress and the hydrate is pore-invasive, while segregated no-
dules dominate the shallow accumulation at Okushiri Ridge #49.

Fig. 2e provides a statistical summary of the field conditions at
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hydrate accumulation sites: most accumulations exist at 400 kPa <
σ′BSR<4 MPa. The vertical axis in Fig. 2e is the expected maximum
effective stress at the BSR. This histogram shows the reduced prob-
ability of hydrate accumulations near the seafloor under diffusion-
limited conditions; on the other hand, the geothermal gradient limits
accumulations at depth. Finally, the resource pyramid in Fig. 2f high-
lights the fact that fines-controlled sediments host most hydrate accu-
mulations (92% of known sites).

Global distribution. The world map in Fig. 3 shows the methane
hydrate accumulations compiled for this study. The color coding

captures the pore habit: red for the 3 locations with known pore-in-
vasive morphology, blue for the 32 locations with grain-displacive
fines-controlled accumulations (circle: 27 known pore habit; square: 5
predicted pore habit), and green for the 21 sites with incomplete in-
formation (i.e., missing pore habit, specific surface, liquid limit or pore
size distribution - Note: QMT #55 exhibits fracture-filling hydrate in
rocks). Coarse-dominant hydrate-bearing sediments are reported at
three locations only: the Nankai Trough, the Arctic and Antarctica.

Fig. 2. Hydrate bearing sediments – Worldwide accumulations (56 sites). (a) Pore habit as a function of capillary pressure and effective stress at the BSR. (b) Specific
surface values for different fine sediments. (c) Fines content for 46 sites and classification boundaries - dotted lines: threshold fines fraction for fluid transport FF\fIow;
continuous lines: threshold fines fraction for mechanical response FF\mech (Note: input parameters in Table 3). (d) Hydrate accumulation histograms according to
sediment type, (e) Hydrate accumulation histograms according to effective stress at the BSR. (f) Frequency pyramid.

Table 3
Input parameters for the estimation of threshold fines fractions for fluid flow and mechanical control.

Coarse Fines Threshold fines fraction

Void ratio Liquid limit LL Specific surface
Ss [m2/g]

Void ratio Fluid flow
FF|flow [%]

Mechanics
FF|mech [%]

Minimum void ratio eCmin 0.51 Silt
LL = 30

0.04–1.1 eF|flow 2.10 14.1 –
eF|100kPa 0.71 – 32.1
eF|1MPa 0.54 – 34.5
eF|10MPa 0.43 – 36.2

Kaolinite
LL = 50

10–20 eF|flow 4.13 9.0 –
eF|100kPa 1.09 – 27.9

Maximum void ratio eCmax 0.81 eF|1MPa 0.76 – 31.5
eF|10MPa 0.53 – 34.6

Illite
LL = 120

80–100 eF|flow 12.4 3.7 –
eF|100kPa 2.42 – 19.1
eF|1MPa 1.53 – 24.3
eF|10MPa 0.88 – 30.1
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5. Discussion: gas production

Pore-invasive methane hydrate accumulations in highly-permeable
and mechanically-stable coarse sediments are the most desirable re-
servoir characteristics for depressurization-driven gas production stra-
tegies (Moridis et al. 2007, 2011a). For example, hydrate dissociation in
the Nankai Trough #44 falls below the boundary in the capillary
pressure vs. effective stress map, and gas will flow through the con-
nected pores (Note that fines may migrate and potentially clog the
pores in the coarse fraction).

Once the hydrate dissociates, gas permeates through the sediment
pores if the capillary pressure is lower than the effective stress (Sun and
Santamarina, 2019). Gas permeation boundaries are parallel to the
hydrate morphology boundaries (dotted lines in Fig. 2a), but shifted to
the right to take into consideration the higher interfacial tension in gas-
water Ts ≈ 0.072 N/m compared to hydrate-water Ts ≈ 0.040 N/m.

Depressurization-driven gas production from coarse-dominant se-
diments may cause sand production (see Fig. 1), and affect the opera-
tion of wells, as experienced in Mallik (Canada in 2007 - Dallimore
et al., 2012) and Nankai Trough (Japan in 2013 - Yamamoto et al.,
2014).

On the other hand, high depressurization will be required to extract
gas from sediments with fines-controlled fluid flow. In turn, this will
cause an increase in effective stress, sediment compaction (will require
special well completion designs to avoid buckling collapse – Moridis
et al., 2011b; Shin and Santamarina, 2017), reduced permeability
(Chapuis, 2012; Ren and Santamarina, 2018), and faster pressure re-
covery radially away from the well leading to smaller producible vo-
lume (Tabatabaie and Pooladi-Darvish, 2009; Wang et al., 2015;
Terzariol et al., 2017).

Alternatively, the large volume expansion during hydrate dissocia-
tion can be used in heating-based production strategies to cause gas-
driven fractures within fines-controlled formations. Note that thermal

dissociation may trigger gas-driven fracture formation even when hy-
drate formation was pore-invasive (e.g., Mt. Elbert #24). Once again,
the reservoir will experience large deformations and will require proper
well design. Furthermore, thermal stimulation is energy intensive: most
of the injected heat is taken by the sediments (mineral and water) and
spreads unconstrained by bounding aquitards (Moridis et al., 2007;
Moridis, 2008). Therefore, the viability of thermal stimulation improves
for accumulations near the phase boundary, i.e., near the BSR.

6. Conclusions

Sediments control hydrate accumulation, pore habit, spatial dis-
tribution and potential gas production strategies. Hydrate pore habit
depends on sediment type and depth-dependent capillary pressure and
effective stress. A similar analysis and parameters used for hydrate
formation define gas permeation boundaries as well. Results highlight
the critical role of fines and implications on gas migration and potential
production strategies. Threshold fines fractions identified for mechan-
ical- and flow-controls properly guide the analyses of hydrate pore
habit.

The vast majority of hydrate accumulation sites (92% of the sites)
are found in fines-controlled sediments at a vertical effective stress
between σ′z= 400 kPa and 4 MPa, where grain-displacive hydrate pore
habit prevails in the form of segregated lenses and nodules.

Permeation-based gas recovery by depressurization is favored in
clean coarse sediments. Gas production from hydrates in fines-con-
trolled sediments could benefit from enhanced-gas transmissivity along
gas-driven fractures created by thermal stimulation; the viability of
energy-intensive thermal stimulation improves for accumulations near
the BSR.

Fig. 3. Methane hydrate-bearing sediments around the world. Hydrate pore habit and formation characteristics. GOM #30: hydrates reported near surface and at
depth. NCM #45: has been reported as both grain-displacive and pore-invasive.
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List of notations

D50 mean grain size
d grain diameter
dp pore size
e void ratio (Subscripts: L =at σ′z→0, H = at σ′z→∞, z = at

depth z)
eCmin minimum void ratio (coarse grain sediment packed at max-

imum density)
eCmax maximum void ratio (coarse grain sediment in loosest state)
FF fines fraction
FF|flow threshold fines fraction for fluid flow
FF|mech threshold fines fraction for mechanical response
g gravity (g = 9.81 m/s2)
L length and width of plate-like particle
LL liquid limit
M mass (Subscripts: F = fines, T = total)
PL plastic limit
r radius of a spherical particle
Shyd hydrate saturation
Ss specific surface
Ts hydrate-water surface tension
t thickness of plate-like particle
u pressure (Subscripts: h = hydrate phase, w = water phase)
Δu capillary pressure = difference between the hydrate and

water phases
V volume
z depth from the seafloor
z* depth from the seafloor to BSR
γ unit weight (Subscripts: sat = saturated sediment,

w = water)
η compaction model parameter
ρ mass density (Subscripts: m = mineral, w = water)
σ′BSR effective stress at the BSR
σ′c characteristic effective stress
σ′z vertical effective stress at depth z from the seafloor
φ porosity
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