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ABSTRACT: It is often assumed that the properties of hydrate-
bearing sediments are affected by hydrate growth habits in pores.
We test this hypothesis by stochastically simulating hydrate growth
in pore space of a simple cubic packing of mono-sized spherical
sediment grains, and assume three extreme nucleation preferences
in the absence of heat or mass transport limitations, and without
interfacial surface tension: (1) Homogeneous nucleation produces
isolated nuclei and a highly porous hydrate mass; (2) Heteroge-
neous nucleation results in combined surface coating and frame-
building hydrate structures; and (3) Preferential heterogeneous
nucleation on pre-existing hydrate surfaces leads to hydrate growth
into the pore space. Spatial distribution of hydrate is analyzed to
investigate the surface coating density, grain connectivity and
mass density of hydrate cluster. Results show that surface coating
density is predominant for heterogeneous nucleation and grain
connectivity by hydrates is lower than the hydrate volume fraction
in all cases. Therefore, a slow increase in stiffness is anticipated at
low hydrate volume fraction. The highly porous hydrate structure
formed by homogeneous nucleation and dense hydrate cluster are
discussed with the relevance to the geomechanical and physical
properties of hydrate-bearing sediments.

Key words: hydrate bearing sediment, nucleation, crystal growth, phys-
ical property

1. INTRODUCTION

The nucleation and subsequent growth of a solid phase
within the pore space of granular materials is a common
process in nature; examples include mineral dissolution and
re-precipitation during soil diagenesis (Casey et al., 1993;
Wagner et al., 2005), nucleation of metals on substrates
(Heinemann et al., 1979; Liu et al., 2007), biological min-
eralization (Nancollas, 1977), ice formation in frozen grounds
(Fowler and Noon, 1997), and hydrate formation in seafloor
sediments and beneath the permafrost regions. In particular,
the presence of hydrates within sediments inherently influ-
ences the characteristic behavior of hydrate bearing sedi-
ments, and its implication becomes critical in the context of
submarine landslides (Kayen and Lee, 1991; Maslin et al.,
2004), instability problems in oil production (Prassl et al.,
2005), methane recovery from hydrates (Collett and Kuusk-
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raa, 1998; Max and Lowrie, 1996), and possible climate effects
(Hornbach et al., 2004; Kvenvolden and Rogers, 2005).

The kinetics and phase equilibrium of hydrate formation
in unbound fluid media (e.g., free water condition without
porous media) have been extensively investigated in terms
of pressure, temperature, co-existing gasses, and salt con-
tents (Kashchiev and Firoozabadi, 2002; Vysniauskas and
Bishnoi, 1983). On the other hand, hydrate nucleation and
growth in the pore space of sediments are affected by pore
size and interfacial phenomena (Clennell et al., 1999; Henry
et al., 1999) and are often limited by chemical and thermal
transport rates (Katsuki et al., 2007; Kvamme, 2002). The
nucleation and growth habit of hydrates vary depending on
the hydrate formation techniques used in the laboratory and
observations of natural hydrate-bearing sediments. In the
laboratory, hydrate formation methods include dissolved
gas method, partial water saturation method, ice-seeding
method, and hydrate premixing method, while their impact
on physical properties (stiffness, strength, hydraulic, ther-
mal and electrical conductivities) changes with the size and
distribution of hydrates relative to the sediment grains (see
detailed discussion in Waite et al., 2009). It is anticipated
that growth habit and corresponding hydrate structures can
have a profound effect on sediment stiffness, strength and
all types of diffusion and conduction properties; yet, hydrate
formation in sediments remains poorly known in part due to
experimental difficulties.

Homogenous nucleation occurs spontaneously within the
fluid and away from boundaries, typically under high degrees
of supersaturation. The presence of impurities, such as min-
eral surfaces and pre-existing hydrate, facilitates nucleation,
which is referred as heterogeneous nucleation (Myerson,
2002). Nano-scale surface morphology and the atomic struc-
ture of mineral substrates determine the local electric field
that facilitates heterogeneous nucleation and subsequent
growth on mineral substrates, and the spatial distribution of
point defects (e.g., surface roughness) is the most important
factor to determine cluster size distribution and nucleation
rate (Stoyanov, 1974; Vallat-Sauvain et al., 2005). The water-
gas-mineral and water-hydrate-mineral contact angles cap-
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ture the preferential interactions between participating phases
(Evans and Lane, 1972; Hirata and Mori, 1998). While fur-
ther nucleation favors in the presence of already formed
hydrates, nucleation (exothermic event by newly formed
hydrates) and dissociation (endothermic event of pre-exist-
ing hydrates) are concurrent and opposite trends. Thus, sta-
ble crystal growth takes place only after nuclei exceed the
critical size. Thereafter, the interfacial tension and the ener-
getic advantages of continuous nucleation on the surface of
pre-existing hydrates are combined to promote nuclei clus-
tering and Ostwald ripening (Max et al., 2006; Myerson,
2002; Ng et al., 1996). The nucleation rate and growth pat-
tern are dominated by the degree of supersaturation, chem-
ical diffusion, temperature, latent heat of formation and heat
transfer. Crystal growth in small pores is hindered by con-
finement and the emergence of interfacial tension between
the phases (Clennell et al., 1999). In particular, the angular
geometry that characterizes crystal growth in large pores
changes into spherical boundaries as crystals grow across
small pore throats in fine-grained soils (Adams and Gast,
1997; Everett, 1961).

In this study, we stochastically simulate various nucleation
and growth habits of hydrates in granular materials to discuss
their potential impacts on sediment properties such as stiff-
ness, strength, and all forms of conduction and diffusion phe-
nomena. Homogeneous and heterogeneous nucleations are
simulated based on the simplified formation criteria.

2. METHODS

We consider mono-sized spherical sediment grains packed
in a simple cubic configuration (grain diameter d, Fig. 1a).
Invoking symmetry within the repetitive unit, we model the
small cube size d/2 that contains a quarter hemisphere (Fig.
1b). This volume is divided into N =20 x 20 x 20 with equally
sized discrete voxels. A voxel at location (i, j, k) belongs to
the sediment grain if the distance to the origin is V(i* + j* +
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k*) < N; otherwise, it is in the pore space. The number of
voxels is 4184 for grain voxels and 3806 for pore voxels. Then,
the pore voxels contacted with the mineral surface are iden-
tified for simulation with the number of 498. Crystallization
preferences are defined in terms of probability to simulate
the three extreme hydrate growth patterns as follows.

Homogeneous nucleation is realized by assigning equal
probability of nucleation to all fluid voxels in the pore space.
Crystallization randomly occurs by selecting one among
candidate voxels and converting it into hydrate. Isolated
crystals may form without any bonds to other hydrate vox-
els or grain surface. Clearly, isolated crystals do not influ-
ence the small-strain mechanical characteristics of the granular
skeleton but can be mobilized by fluid flow.

Heterogeneous nucleation is modeled by preferentially
forming hydrates on the grain surface or on a pre-existing
hydrate. The simulation starts by converting a randomly
selected fluid voxel on the grain surface into hydrate. Can-
didate voxels for further nucleation are any fluid voxel con-
nected to hydrate or to the grain surface. This type of hydrate
growth promotes mineral surface coating (i.e., all hydrate vox-
els are either bonded to other hydrate voxels or to mineral sur-
face) and prevents the formation of isolated mobile hydrate.

Heterogeneous “akin” nucleation refers herein to prefer-
ential hydrate nucleation on pre-existing hydrate. The first
seed is randomly selected among fluid voxels on the grain
surface. Thereafter, candidate fluid voxels for further nucle-
ation are limited to those which are in contact with pre-formed
hydrate, thus isolated hydrate voxels can not develop in this
case either.

The probability of crystallization by above three nucle-
ation criteria is plotted in Figure 2. In homogeneous nucle-
ation, all the pore voxels are candidate at the beginning and
the number of candidate voxels gradually decreases as nucle-
ation continues. On the other hand, the number of candidate
voxels slightly increases at the beginning and decreases as
the volumetric fraction of hydrate V), (the ratio between the

(b) Unit cube (quarter hemisphere)
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Fig. 1. Simple cubic packing of monosized particles. The simulated volume is a cube size d/2 that contains a quarter hemisphere. Bound-

ary planes are tangent at inter-particle contacts.
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Fig. 2. Probability of hydrate formation for three nucleation criteria.

number of hydrate voxels over the total number of voxels
in the pore space, N;/N,,,.) reaches 100%. Heterogeneous
akin nucleation shows similar aspect of crystallization prob-
ability whose values are higher than heterogeneous nucle-
ation. It is attributed to the lower number of candidate voxels,
defined by the nucleation criteria in this study.

Note that It is assumed that there is no interaction poten-
tial in these simulations, therefore, there is no interfacial
tension; hydrate growth takes place in equilibrium and is
not heat transport limited; there is no mass transport limi-
tation, so hydrate growth continues until the hydrate vol-
ume fraction reaches V}, = 100%.

Each nucleation case was 200 times simulated to gain the
probabilistically acceptable results. For each nucleation case,
the candidate voxels are pre-defined; all the pore voxels for
homogeneous nucleation, pore voxels connected to grain
surface for heterogeneous nucleation, and pore voxels sur-
rounding the first seeding hydrate voxels for heterogeneous
akin nucleation. Then, the uniform distributed pseudoran-
dom generator (e.g., ‘rand’ function in MALTAB) sequen-
tially selects one candidate voxels among candidates. Note
that as one pore voxel is switched to the hydrate voxel as
the simulation continues, the pore voxels are newly exam-
ined to update the candidate voxel groups. Each simulation
stopped when the formed hydrate voxels correspond to the
pre-defined hydrate fraction in pore space (i.e., 381 hydrate
voxels are iteratively created among total 3806 pore voxels
to make Vj,~10%). Results are analyzed at pre-selected
hydrate volume fractions V), (every 1% V), increment up to
V, =100%) to identify formation patterns, to measure the
number of bonded hydrate that fills boundary planes across
the pore (Fig. 1), and to evaluate the hydrate density.

3. SIMULATION RESULTS
3.1. Formation Pattern

Figure 3 shows the spatial distribution of hydrate in the
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three nucleation cases and for various volume fractions V.
Dots indicate hydrate voxels in pore space. For homoge-
neous nucleation, hydrate voxels connected from the grain
surface and non-connected ones are independently shown.
At low volume fractions V,, most hydrate voxels in homo-
geneous nucleation have very low connectivity among each
other and the probability of finding a hydrate voxel on the
grain surface is approximately close t0 V' Nogin surface/ Npores
(Ngrain_surface =498, Nyores = 3806) As the hydrate volume
fraction V), increases, a weakly connected cluster develops
on the surface and in the pore space and becomes intercon-
nected to form highly porous structure (connected case shown
in Fig. 3a). The highly porous network links the particle to
boundary plane and isolated hydrate voxels begin dimin-
ishing once V), reaches ~40% (non-connected case in Fig. 3a).

Heterogeneous nucleation exhibits a pronounced tendency
to coat the grain surface. Surface coating renders an increase
in inter-particle contact area; “contact enlargement” implies
the early increase in skeletal stiffness of granular materials
during heterogeneous nucleation (Priest et al., 2005).

Heterogeneous akin nucleation favors hydrate growth
from the first seed on the grain surface into the pore. When
hydrate growth reaches boundary planes, the hydrate mass
has formed a structural element or truss between grains
across the pore (due to the assumed cell symmetry). This
type of “frame-building” hydrate growth adds stiffness and
stability to the granular skeleton.

3.2. Surface Coating

“Surface coating density”, S, is defined as the ratio of the
number of hydrate voxels on the grain surface to the total
number of voxels on the grain surface (€.g., Noyain surface =
481 in this study). Figure 4a (left) presents the mean value
of surface coating density S}, for 200 simulations. The early
increase in S, as a function of ¥}, in heterogeneous nucle-
ation confirms its tendency towards early grain surface
coating. On the other hand, while akin nucleation is seeded
on the mineral surface (early increase in S},), further growth
takes place towards the pore space with slowing down sur-
face coating trends. Homogeneous nucleation follows the
theoretically predicted linear trend Sj, = V},. The variability
of surface coating density is assessed in terms of the coef-
ficient of variation cov defined as the ratio between the
standard deviation s and the mean m, based on 200 simu-
lation results. Higher variability defined based on the sur-
face coating density implies that hydrate formation could
take place any possible candidate places (e.g., grain surface
without involving adjacent grain, pore space, inter-particle
contact). Results in Figure 4a (right) show that variability is
highest at low hydrate concentration for all the cases, i.e.,
when there is a maximum number of candidate voxels for
nucleation. Similarly, heterogeneous nucleation displays the
lowest value of cov among the three growth habits because
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Fig. 3. Spatial distribution of hydrate voxels. Realizations at selected hydrate volume fraction ¥, for three nucleation cases. Connected
hydrate voxels well develop and non-connected hydrates diminish with V,.for homogeneous nucleation. All hydrate voxels in the two het-
erogeneous nucleation cases are connected to the particle through percolating hydrate chains.
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candidate voxels are initially restricted to those on grain
surfaces while the heterogeneous akin nucleation indicates
the highest value of cov.

3.3. Grain Connectivity by Hydrate Phase across the Pore

Hydrate voxels gradually occur on the three boundary
planes that bisect the pore space. The normalized area, 4,
is defined as the ratio between the number of bonded
hydrate voxels on the three boundary planes to the total
number of boundary voxels, 3N-(N—1)+1=1141 in this
study. Isolated hydrate voxels found in homogeneous nucle-
ation are not counted because they do not contribute to
frame-building. Results are shown in Figure 4b:

- The normalized area 4, increases at a lower rate than the
hydrate volume fraction V), in the three nucleation prefer-
ences. The delayed increase in A;, is most pronounced for
homogeneous nucleation until 7, 30 to 40%; further nucle-
ation leads to a sudden increase in grain connectivity, chang-
ing isolated voxels into bonded hydrates (see Fig. 3a).

- Heterogeneous akin nucleation exhibits higher normal-
ized area A, than heterogeneous nucleation because the
hydrate growth takes place preferentially into the pore
rather than in surface coating mode.

- The coefficient of variation cov is highest at low hydrate
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volume fraction (for heterogeneous akin nucleation) due to
the higher degrees of freedom at the beginning of the pro-
cess when V), is low.

3.4. Hydrate Density

The strength of a solid is inversely proportional to its
internal porosity. In this simulation, internal porosity within
the hydrate mass implies hydrate bodies that are in contact
with fluid (e.g., pore space). Therefore, we use hydrate
coordination as a surrogate for porosity, where the coordi-
nation number cn of a hydrate voxel is the number of
hydrate voxels that are in direct face contact with either the
mineral grain or other hydrate voxels. It varies from cn =0
for an isolated hydrate voxel, to cn = 6 for a hydrate voxel
that is fully surrounded by either hydrate or mineral. His-
tograms of coordination numbers at different hydrate vol-
ume fractions V), are presented in Figure 5 for the three
nucleation preferences. In all cases, the coordination num-
ber increases as the hydrate concentration increases, and
eventually reaches cn = 6 at V), = 1.

There are important differences among growth prefer-
ences, in particular: (1) the high coordination number has
highest frequency in heterogeneous akin nucleation (e.g.,
hydrate structure is least porous), and (2) the relatively
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Fig. 4. Statistical evaluation of growth patterns as a function of hydrate volume fraction 7, - Results for the three nucleation cases. (a)
Surface coating density S,. (b) Hydrate at boundary planes. Mean and coefficient of variation are computed using 200 simulations for

each nucleation preference.
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Fig. 5. Histogram of coordination number cn for each nucleation
preference at different volume fractions V},. The coordination num-
ber varies between cn = 0 for a hydrate voxel surrounded by pore
space, to cn = 6 for a hydrate voxel surrounded by adjacent hydrate
or grain surface.

lower coordination numbers prevail in homogeneous nucle-
ation (e.g., hydrate structure is most porous and the internal
porosity is highest) compared with others. These observa-
tions are in agreement with geometric features observed in
Figure 3 and complement connectivity trends noted in Figure 4.

The hydrate mass density is further analyzed based on the
porous hydrate structure. Once hydrate voxels are created
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Fig. 6. Hydrate mass density versus hydrate volume fraction V.
Mass density is computed with the number of hydrate voxels nor-
malized by the bulk unit volume of hydrate cluster. Homogeneous
nucleation shows the lowest mass density, implying highly porous
structure.

for a given hydrate volume fraction and nucleation criteria,
the imaginary unit volume of a single hydrate mass is
obtained by connecting circumferential hydrate voxels and
computing the volume of enclosed space. That is, the unit
volume of hydrate mass represents the imaginary non-
porous and solid hydrate within which the original and
porous hydrate voxels reside. Then, the number of hydrate
voxels is normalized by the unit volume to gain the hydrate
mass density (Fig. 6). Heterogeneous akin nucleation shows
the densest structure than other nucleation cases (e.g., less
porous structure), while the mass density of homogeneous
nucleation indicates the lowest values with the hydrate vol-
ume fraction (e.g., more porous structure). This observation
coincides with the results of coordination number.

4. DISCUSSION - IMPLICATION TO HYDRATE-
BEARING SEDIMENTS

Hydrate formation can (1) increase the effective inter-par-
ticle contact area when it nucleates near grain contacts, and
(2) increase the stability of the granular skeleton when it
adds trusses between grains across the pore space, i.e.,
“frame-building” (note that this effect is captured by grain
connectivity by hydrate in Fig. 4b). Hydrates formed in
pore space without involving surrounding particles may not
be contributory to the geomechanical properties of bulk
hydrate-bearing sediments.

The small-strain stiffness of granular materials is deter-
mined by the number and deformability of inter-particle
contacts. Hertzian contact theory models that the small-
strain stiffness of the granular skeleton E;,; is proportional
to the square root of the inter-particle contact area A4

A1 G
Eyu= |57 —25
skel ﬂ-R (1 — Vg) (1)
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where G, and n, are shear stiffness and Poisson ratio of the
mineral that makes the grains and R is the radius of a grain.
Hydrate formation results in the increase of initial inter-par-
ticle contact area to 4’ = (r.+r,)’7 where r. is the inter-
particle contact radius and 7, is the increase radius by
formed hydrate on the given cross-sectional area. Then, 4" is
directly related to the grain connectivity 4, defined in this
study as A" ~r. 7w+ A, . Results gathered with three crystal-
lization preferences show that the probability of finding
hydrate on the planes of contacts is lower than the hydrate
volume fraction V), particularly at low V), values (Fig. 4b).
In summary, a slow increase in stiffness is expected at low
hydrate concentration ¥, because 1) E,., o< /4 , 2) Proba-
bility of hydrate formation at contacts < V), particularly at
low ¥}, and 3) the high coefficient of variation in 4,, at low
V;,. Experimental observations in the laboratory (Kunerth et
al., 2000; Yun et al., 2005) and field evidence (Helgerud et
al., 1999; Kleinberg et al., 2003; Lee and Collett, 2001) are
in agreement with these predictions when hydrate forms
from dissolved gas. In contrast, when hydrate formation
occurs in unsaturated sediments, water migrates to inter-par-
ticle contacts, hydrate forms at contacts and causes a very
high increase in stiffness at low V), values (unsaturated
method, Priest et al., 2005).

The large-strain mechanical behavior of granular materi-
als involves particle-level processes that are affected by the
type of hydrate nucleation. The three hydrate growth pat-
terns increase the solid fraction and the tendency to volume
dilation during shear combined with rotational frustration
(see data in Ebinuma et al., 2005; Masui et al., 2005). Even
small amount of hydrates formed at inter-particle contacts
(e.g., heterogeneous and heterogeneous akin nucleation)
cements particles together and substantially increases the
strength and stiffness. On the other hand, pore-filling hydrates
(e.g., homogeneous nucleation) begin playing a critical role
on the geomechanical properties when V}, > 30~40% (Yun
et al., 2007). Furthermore, it is reported that the cohesion
and dilation angle increase with increasing hydrate volume
fraction while friction angle is mostly independent of hydrate
volume fraction (Waite et al., 2009).

Thermal conductivity values for sediment components
rank as follows: Ay < Anydrate Kwater < Kmineral- Therefore, the
thermal conduction in sediments takes place primarily
through inter-particle contacts and it is enhanced by high
inter-particle coordination and by the presence of water
(Yun and Santamarina, 2008). It is anticipated that nominal
changes in thermal conductivity would occur due to hydrate
formation, regardless of the growth preference because the
thermal conductivity of hydrates is close to that of water.
However, the previous experimental results show that the
sediments has higher thermal conductivity upon hydrate
formation presumably due to the cryogenic suction and
hydrate segregation, improved contact quality, and the
reduction in interfacial thermal resistance when the grain-
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liquid interface changes to the grain-hydrate (Cortes et al.,
2009). Although different hydrate nucleation and growth
habits determine unique microstructure of hydrates, the
effect would not be significant on the bulk thermal conduc-
tivity in hydrate-bearing sediments at the macro-scale as
long as the sediment remains water saturated. The forma-
tion of secondary phase in pore space for surface coating
and pore filling cases uniquely determines the thermal con-
ductivity of bulk granular materials (Yun and Evans, 2010).
Yet, the heat transfer would be facilitated through less
porous hydrate structure that grows in the pore space and
connects grains due to the lower thermal resistance between
phases at the particle-scale.

Fluid flow in granular materials is determined by pore
size and shape and the presence of solid scatters which
cause momentum loss (e.g., Kozeny-Carman equation; Ma
and Ruth, 1994; numerical simulations in Gao and Sharma,
1994; Rothman, 1988). The pore space can be also catego-
rized into the network of pore chambers (e.g., large pore
space enclosed by grains) and pore channels that inter-con-
nect the pore chambers (Abichou et al., 2004; Al-Raoush
and Willson, 2005). The web of pore chambers and pore
channels determines the behavior of fluid flow and the con-
nectivity among pore chambers affects the hydraulic con-
ductivity in porous media. The nucleation patterns thus
influence on both tortuosity and size of pore channel and
interconnectivity (Hagen-Poiseuille equation that has been
widely used for hydraulic network model informs that the
flow rate is related to the quartic #* where r is the equivalent
radius of pore channel). Thus, homogeneous nucleation
tends to decrease permeability more significantly than het-
erogeneous nucleation (Liu and Flemings, 2006) and esti-
mates values turn out to be close to in-situ permeability
values (Kleinberg et al., 2003). Yet, heterogeneous and het-
erogeneous akin nucleation may block pore channel and
throat and cause a pronounced decrease in permeability
even at low values of V),

Note that the nucleation and growth pattern are compli-
cated process rather than dominated by a single criteria.
Growth of hydrates changes spatial distribution of pore
space so that locations where the free energy is minimized
accordingly change. Furthermore, crystallization involving
mass transport and heat exchange newly defines available
resources, which is not encountered in this study. However,
the stochastic simulation provides the first approximation of
crystallization pattern of hydrates in pore space with rele-
vance to physical behaviors of hydrate-bearing sediments.

5. CONCLUSIONS

Numerical simulation results show that hydrate growth
preferences (in equilibrium and in the absence of surface
tension) lead to distinct spatial distributions of hydrate in
the pore space. Hydrate habit in the pore space is combined
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with pore- and particle-scale physical processes to deter-
mine the macro-scale properties of hydrate bearing sedi-
ments:

- Homogeneous nucleation, which may unlikely occur in
sediments, produces isolated and highly porous hydrate
structure. Hydrate mass density tends to increase at hydrate
volume fraction Vj, = 20~30%, yet stilling showing most
porous network compared with heterogeneous and hetero-
geneous akin nucleation. Preferential coating of grain sur-
face and frame-building by hydrates create hydrate mass
with high density by connecting neighboring particles. Spa-
tial distribution of hydrates in pore space by given crystal-
lization pattern entails the unique evolution in grain
connectivity, which in turn affects the geomechanical and
physical properties of hydrate bearing sediments.

- The observation that the grain connectivity by hydrate is
lower than the hydrate volume fraction coincides with the
laboratory and in-situ investigation to evaluate the geome-
chanical behaviors of hydrate-bearing sediments.

- Evaluation of physical properties needs enormous efforts
not only for the scientific understanding of behaviors of
hydrate-bearing sediments but also for the engineering
application (e.g., production, stability), while limited access
to the natural hydrate system and difficulties of synthetic
hydrates in the laboratory hamper the further investigation.
While simulation results is not directly correlated with the
conduction phenomena (e.g., thermal, hydraulic and elec-
trical conduction) in this study, the stochastic modeling of
hydrate nucleation and growth hints the understanding of
approximated conduction properties of hydrate-bearing sed-
iments.

- The investigation of evolutionary microstructure attrib-
uted to the hydrate formation presented in this study focuses
on the particle-scale. Although the grain connectivity by
hydrate growth in pore space and internal porosity of hydrates
should significantly influence on the particle-scale phenom-
ena, the up-scaling to the bulk scale requires a caution to
assess the relevance of nucleation habit to the macro-scale
manifestation.
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