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a b s t r a c t

Hydro-thermo-chemo and mechanically coupled processes determine hydrate morphology and control
gas production from hydrate-bearing sediments. Force balance, together with mass and energy con-
servation analyses anchored in published data provide robust asymptotic solutions that reflect governing
processes in hydrate systems. Results demonstrate that hydrate segregation in clayey sediments results
in a two-material system whereby hydrate lenses are surrounded by hydrate-free water-saturated clay.
Hydrate saturation can reach z2% by concentrating the excess dissolved gas in the pore water and z20%
from metabolizable carbon. Higher hydrate saturations are often found in natural sediments and imply
methane transport by advection or diffusion processes. Hydrate dissociation is a strongly endothermic
event; the available latent heat in a reservoir can sustain significant hydrate dissociation without trig-
gering ice formation during depressurization. The volume of hydrate expands 2-to-4 times upon
dissociation or CO2eCH4 replacement. Volume expansion can be controlled to maintain lenses open and
to create new open mode discontinuities that favor gas recovery. Pore size is the most critical sediment
parameter for hydrate formation and gas recovery and is controlled by the smallest grains in a sediment.
Therefore any characterization must carefully consider the amount of fines and their associated
mineralogy.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fine-grained sediments host more than 90% of the accumulated
global gas hydrate [Boswell 2009; Boswell and Collett 2011]. Well
known accumulations of hydrate-bearing clayey sediments include
those in the Gulf of Mexico, Krishna-Godavari basin, Blake Ridge,
CascadiaMargin, Ulleung Basin, and Hydrate Ridge [Dai et al., 2011].
Hydrates in all these cases are found as segregated masses forming
features such as lenses and nodules.

Hydro-thermo-chemo-mechanically coupled processes that
occur during hydrate formation and dissociation affect the spatial
distribution of hydrate in sediments and also control gas produc-
tion during depressurization, heating and CO2eCH4 replacement.

Hydrate formation and dissociation in clayey sediments is
strongly affected by pore size. The sediment porosity n decreases
with sediment depth due to self compaction. In terms of void ratio

e¼ n/(1-n), the sedimentation compression curve can be expressed
as a function of the overburden effective stress sˋ [Burland 1990;
Skempton 1969; Terzaghi and Peck 1948]:

e ¼ e100 � CClog
�

s0

100kPa

�
(1)

where e100 is the void ratio at sˋ ¼ 100 kPa and CC is the sediment
compressibility. The two constitutive parameters e100 and CC in-
crease with the sediment specific surface SS [m2/g]. However, the
change in vertical effective stress dsˋ between depths z and z þ dz
depends on the sediments saturated unit weight gs ¼ gw (Gs þ e)/
(1 þ e)

ds�¼ ðgs � gwÞdz ¼ gw
ðGs � 1Þ
ð1þ eÞ dz (2)

where gw is the unit weight of water and Gs is the specific gravity of
minerals that make the grains. Equations 1&2 are combined and
integrated with depth to compute the depth varying overburden
effective stress and void ratio (hence, porosity).
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The mean pore size dpore can be estimated from the void ratio e,
specific surface Ss [m2/g] and the mineral mass density rm:

dpore ¼ 4e
Ssrm

(3)

For reference, the mean pore size for kaolinite 1 m below the
seafloor, z ¼ 1 mbsf, is dpore z 200 nm (e100 ¼ 1.04, Cc ¼ 0.35,
Ss ¼ 10 m2/g), while the mean pore size for bentonite at
z ¼ 1000 mbsf is dpore z 5 nm (e100 ¼ 3.2, Cc ¼ 1.2, Ss ¼ 300 m2/g).

Small pore size in clayey sediments affects gas solubility, the phase
boundary, hydrate morphology and the properties of the hydrate
bearing sediments.

The purpose of this study is to review the fundamental concepts
relevant to hydrate formation in clayey sediments and to explore
potential phenomena pertinent to gas production. We analyze
coupled pore-scale phenomena and present simple yet robust
asymptotic expressions to obtain order-of-magnitude estimates
that can aid in the understanding of hydrate bearing clayey sedi-
ments and guide the design of gas production strategies. The

Notation

a metabolizable carbon content
ag ratio of rgcg to rwcw, ag ¼ rgcg/rwcw
ah ratio of rhch to rwcw, ah ¼ rhch/rwcw
am ratio of rmcm to rwcw, am ¼ rmcm/rwcw
b ratio of carbon molecular mass to methane molecular

mass
bh ratio of rhLh to rwcw, bh ¼ rhLh/rwcw
bI ratio of rwLI to rwcw, bh ¼ LI/cw
d thickness of hydrate lens
h fluid volume expansion after hydrate dissociation
q contact angle
k volume fraction of segregated hydrate
l mole of methane per unit volume of hydrate
rCH4-G methane gas density
rCO2-G gaseous carbon dioxide density
rCO2-L liquid carbon dioxide density
rg gas density
rh hydrate density
rm mineral density
rw water density
rw_hyd water mass in unit volume of hydrate
sˋ effective stress
4 fraction of fines in sediment
c hydration number (e.g., CH4$cH2O or CO2$cH2O)
u compressibility factor
ghw interfacial tension between hydrate and water
gs sediment unit weight
gw water unit weight
cg specific heat of gas
ch specific heat of hydrate
cm specific heat of mineral
cw specific heat of water
CA solubility of methane in water after hydrate formation
CB solubility of methane in water before hydrate

formation
CC sediment compressibility
CH methane concentration per kg of hydrate
dpore pore diameter
e void ratio
ec void ratio of coarse particles
ef void ratio of fine particles
e100 void ratio at sˋ ¼ 100 kPa
EDIS energy needed to dissociate hydrate
EHBS sensible energy available in sediment before hydrate

dissociation
FRWI fraction of ice formed during hydrate dissociation
Gs specific gravity of minerals
DH enthalpy

kH
o Henry’s constant

mh molecular weight of gas hydrate
L lens-to-lens spacing
LH transformation heat of hydrate
LI transformation heat of ice
MC mass of metabolizable carbon
MCH4 methane mass
MF mass of fine particles
MH hydrate mass
MM mineral mass
MP,T gas concentration in water under pressure P and

temperature T condition
MT mass of sediment composed of coarse and fine

particles
n porosity
n0 initial porosity of sediment before hydrate formation
nf final porosity of sediment after hydrate segregation
nCH4-H mole of methane in CH4 hydrate
P pressure
PC capillary pressure
PH pressure inside hydrate
PF final pressure after hydrate dissociation
P0 initial pressure before hydrate dissociation
PW water pressure
R universal gas constant
SH hydrate saturation
Ss specific surface
Sw water saturation
TBulk hydrate formation/dissociation temperature in bulk

water
T temperature
To initial temperature before hydrate dissociation
TF final temperature after hydrate dissociation
TT temperature of hydrate phase boundary
DTdep hydrate formation/dissociation temperature

depression in small pores
DTHW temperature change of water by the energy equivalent

to dissociate the same mass of hydrate
DTIW temperature change of water by the energy equivalent

to melt the same mass of ice
VCH4-G volume of CH4 gas
VCH4-H volume of CH4 hydrate
VCO2-H volume of CO2 hydrate
VCO2-L volume of liquid CO2

VG gas volume
VH hydrate volume
VT total sediment volume
VV volume of voids
VW water volume
z depth
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