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Key Points:

« Enhanced CO2 migration from sequestration site by liquid CO2 seeping through
marine sediments facilitates fast CO2 hydrate formation.

« Coexisting CO2 bubbles and hydrates in the three-phase zone reduces sediment
layer permeability even at low hydrate saturation level.

e Temperature and pressure perturbations may affect the three-phase zone, mak-
ing the sealing capability prone to earthquakes or landslides.
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Abstract

Storing CO5 in sub-seabed sediment is a promising CO, sequestration method to reduce
the atmospheric CO5 concentration and mitigate climate change, with the advantage of
self-sealing capability due to formation of CO5 hydrate in the sediment pore space. Above
the sequestration site, enhanced CO2 migration and supersaturation lead to a zone of
coexisting gaseous, hydrate and aqueous phases of COs where curved surfaces of bub-
bles and hydrate crystals shift the phase equilibria, enabling fast development of the self-
sealing capability due to permeability reduction by both hydrates and entrapped bub-
bles. We simulate the three-phase zone in a shallow seabed using a Monte Carlo method
in packed synthetic mono-dispersed spherical sediment grains, and analyze its variations
due to temperature and pressure perturbations. Our work demonstrates the difference
between CO4 hydrate-bearing sediment layer and methane hydrate reservoir, and pro-
vides insight into the formation mechanisms of the self-sealing cap above sequestration
sites.

Plain Language Summary

Removing carbon dioxide from the atmosphere and storing it in geological forma-
tions is a promising method to mitigate global climate change. People have proposed that
injecting liquid carbon dioxide into sub-seabed formations can take the advantage of car-
bon dioxide hydrate forming in the low-temperature high-pressure environment, which
can serve as a sealing cap to prevent carbon dioxide leakage. However, treating the for-
mation of carbon dioxide hydrate cap similar to the formation of methane hydrate reser-
voir neglects the thermodynamic difference between carbon dioxide and methane, and
overlooks the role of carbon dioxide bubbles in the marine sediments. Abundant liquid
carbon dioxide seepage from the storage site drives fast carbon dioxide migration to a
depth near the hydrate stability zone, and unlike methane, carbon dioxide becomes su-
persaturated as it migrates upwards. The supersaturated carbon dioxide has to become
gas bubbles and hydrates. Sediment pores enable the carbon dioxide bubbles, hydrates
and dissolved carbon dioxide to form a three-phase zone, where entrapped gas bubbles
and hydrate crystals occupy the pore space, and reduce the sediment permeability. The
sealing capability of the cap not only depends on the hydrate-bearing sediment layer,
but also on the gas bubbles filling the pore spaces.

1 Introduction

The concentration of COs in the atmosphere has been steadily increasing since the
industrial revolution because of human activity. According to the IPCC report Climate
Change 2021 (Masson-Delmotte et al., 2021), the global CO2 concentration in 2019 was
410 ppm, the highest in the last two million years, accompanied by an increased frequency
of extreme weather events worldwide. Only with drastically reduced emissions can the
global temperature rise be limited to less than 2°C,; and to less than 1.5°C by the end
of the century if zero-emissions are achieved by 2050. This environmental pursuit has
driven the investigation of carbon capture, sequestration and storage (CSS), which re-
moves and stores CO5 from the atmosphere.

It is suggested that regardless of the storage method, after 100 years, the retained
fraction of CO is approximately between 65—100 %, and after 500 years the fraction drops
to 3085 % (Metz et al., 2005), so CSS methods with efficient leakage prevention are es-
pecially favored. Among all CSS methods, storing COs in sub-seabed sediments (Koide
et al., 1997) has drawn much attention because of its advantage of self-sealing. Liquid
COg, is injected into sub-seabed formations (Shukla et al., 2010), and under low-temperature
high-pressure conditions, the injected CO45 can form CO; hydrates. Gas hydrates are ice-
like compounds in which water molecules connected by hydrogen bonds form cages, and
smaller gas molecules (guests), such as CO2 and methane, are trapped inside the cages,
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which are commonly found in permafrost regions and marine sediments (Sloan & Koh,
2007). In sediments, CO5 hydrates exist in the sediment pores near the base of the CO5
hydrate stability zone (BHSZ). The CO; hydrate can reduce the porosity of the sediments,
block the flow of the pore fluid, and decrease the permeability (e.g., Tohidi et al., 2001).
Therefore, the hydrate-bearing sediment layer is self-sealing, which ensures long-term sta-
bility (Eccles & Pratson, 2012) and has great potential to mitigate global warming (Adams
& Caldeira, 2008; Goldberg et al., 2008).

Compared with other CSS technologies, such as storing CO5 in geological forma-
tions on land, further knowledge of the formation of the self-sealing hydrate-bearing sed-
iment layer is needed before the COy sequestration using the hydrate can be deployed.
Specifically, the formation process that the hydrate layer and its sensibility to possible
temperature and pressure perturbations are required for better understanding the seal-
ing efficiency and stability. Previous works mainly focused on the formation of methane
hydrate reservoir (e.g., Rempel & Buffett, 1997; Burwicz et al., 2017; Nole et al., 2018;
You & Flemings, 2021) and its responses to natural temperature fluctuations (e.g., Rea-
gan & Moridis, 2008; Sultan et al., 2004) or during exploitation (e.g., Rutqvist & Moridis,
2009; Waite et al., 2009), but given the thermodynamic difference between methane hy-
drate and COs hydrate, the results for methane hydrate cannot be readily applied to the
COg hydrate. For example, the models of methane hydrate reservoir formation (e.g., Rem-
pel & Buffett, 1997; You & Flemings, 2021) indicate that it requires tens of thousands
of years for the methane hydrate to reach moderate saturation (fraction of sediment pore
space occupied by the hydrate), evidently unsuitable for the formation of self-sealing cap
above the CO4 sequestration site where a large amount of COs keeps upwelling. Also,
the CO; hydrate has a much narrower stability range compared with that of the methane
hydrate (Sloan & Koh, 2007), thus the CO4 hydrate reservoir is more sensitive to tem-
perature and pressure perturbations. Therefore, we need to study how the self-sealing
capability develops in the sediments, and how the differences affect the leakage preven-
tion and stability of the cap.

In this study, we investigated the formation of a self-sealing CO, hydrate cap near
the BHSZ above the sequestration site. For simplicity, the sequestration reservoir is treated
as a CO9 source at a representative depth at 800 mbsf, which is the depth for the Sleip-
ner site in Norway and Enping site in China. The sediment layers above the site do not
deform during the phase change of liquid COs, i.e., no fracturing caused by invasion of
the gaseous phase or impingement of the hydrate phase. We first revisit the existing model
on advection-diffusion driven methane hydrate reservoir formation, and then model the
CO; hydrate cap formation considering the seeping transport of CO5 from the source
of liquid CO3, and the coexistence of the COy bubble, COs hydrate and dissolved COq
in aqueous solutions, where phase equilibria are shifted due to heterogeneously distributed
surface curvatures. The sensitivity of the three-phase coexisting zone to the tempera-
ture and pressure perturbations is quantitatively evaluated. Before concluding, we dis-
cuss how the three-phase zone serves as an effective sealing cap with fast-developing seal-
ing capability, as well as the role of the COs bubbles in the sediment pore space. The
parameters used in this study are listed in Table 1.

2 Formation of self-sealing cap

Under bulk conditions, the depth of the BHSZ is determined by the three-phase
equilibrium of free CO2 gas (G), CO4 hydrate (H), and dissolved CO5 in aqueous solu-
tions (L), constrained by pressure, temperature, and salinity (e.g., Sloan & Koh, 2007).

In pure water, CO2 hydrates have a pressure range of 1-4.5 MPa and a temperature range
of 272—-283 K (Sun & Duan, 2005), and in seawater the salinity may cause a tempera-

ture depression of about 1.5 K (Dickens & Quinby-Hunt, 1994). Above the maximum pres-
sure, COs is a supercritical liquid (Lco,) and cannot form stable hydrates. Based on the
stability conditions of COy hydrate, there are two different CSS strategies using CO4 hy-
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drate: in a shallow seabed with a water depth of less than 300 m, COs may exist as hy-
drates; in a deep seabed supercritical liquid COs may be sealed by a COy hydrate cap
above (Koide et al., 1997). The first strategy is favored due to technical and economic
considerations, and depleted oil or gas reservoirs can be used as storage sites. In both
cases, because the surface tension between liquid COs and water is significantly less than
that between oil and water, COy leakage is inevitable (Li et al., 2006; Espinoza & San-
tamarina, 2010).

2.1 Hydrate formation by fluid advection

In the widely used model (e.g., Rempel & Buffett, 1997; Daigle & Dugan, 2011; You
et al., 2019), CO2 molecules from the source at z, are transported to the BHSZ at a depth
of z3 by upward flow advection and diffusion. The Péclet number is Pe = (2,—23)u;/Dy
where zg — z3 is the characteristic length from the COs source to the BHSZ, typically
about 500 m for shallow seabed carbon dioxide sequestration site at 800 mbsf, the pore
fluid upwelling velocity w; is usually less than 1 mm/yr (Davie & Buffett, 2003), and the
effective diffusion coefficient D, through the sediments is about 1072 m?/s. The Péclet
number Pe > 1, so that the advection dominates the CO transport, and the diffusion
term can be ignored. The hydrate is slowly accumulating so the variation of CO2 con-
centration X (in mass fraction) in pore fluid 90X /0t can be ignored. The simplified mass
conservation in 1D with a downward z direction is

05 _ w9
ot &o(f— X+ fX) 0z

(1)

Z3

where £ = pp,/p; is the ratio of the CO4 hydrate density to seawater density, ¢ is the
porosity, and f = 0.289 is the mass fraction of CO4 in sI CO4 hydrate with n ~ 6.
The equation is the same as in Rempel and Buffett (1997) if the higher order term fX
is ignored, and the timescale is
-1
> : (2)
23

At the BHSZ, the COs concentration X is determined by the H-L equilibrium, and
can be converted from the molar fraction x;; such that

87X o X(]. - X) 3lnxhl
0z 11—z 0z '’
To evaluate dlnxp;/0z for the H-L equilibrium,

COQ(&Q) +nHyO = COy "IZHQO(S), (4)

u 0z

&d(f — X) ( 0X

(3)

we use the thermodynamic relations

Oln Th AMIH Oln Thl Vh — ‘7;] — an
=2 >, = <0, 5
oT |,  RT? oP |, RT ®)

where R is the ideal gas constant, AgélH is the hydrate dissolution heat, V}, is the mo-
lar volume of CO5 hydrate, Vg is the partial molar volume of dissolved CO5, and V,, is
the molar volume of water. The bulk BHSZ is at depth z3 below the seafloor, correspond-
ing to a three-phase equilibrium condition

T3 =Ty + Grzs, P3=PFPy+Gpzs, (6)

where Ty and P, are the temperature and pressure at the seafloor, and G and Gp are
the geothermal gradient and hydrostatic pressure gradient in the sediment, respectively.
The COs solubility vary with the depth near z3 according to

dln Thi AhllH Vh - Vg - an
= o e Gp. 7
M= g | T Ry T T RG " ™
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With the three-phase equilibrium 73 ~ 282K and P3; ~ 4 MPa, and use nominal val-
ues for Gr and Gp (Table 1) we have

gn = 1.909km ™", (8)

From eq. (2), with X = 0.0609 (Duan & Sun, 2003), u; ~ 1mm/yr, and the value of
gni, we can find that it takes about 10* yr for S} from zero to increase to 1%, which is
reasonable for natural hydrate deposits, but too slow for the formation of self-sealing hy-
drate cap. Other proposed hydrate growth mechanisms, such as the burial-driven recy-
cling (Burwicz et al., 2017; Nole et al., 2018; You & Flemings, 2021; Schmidt et al., 2022)
may help to build high saturation of hydrate at later stage after enough COg is trans-
ported to the BHSZ.

It is evident that if COy transport is through pore fluid advection similar to methane,
building up a hydrate reservoir by advection-dominated hydrate accumulation occurs at
a geological timescale. However, for CO, sequestration site, given the fact that abun-
dant COs exists merely hundreds of meters below the hydrate stability zone, formation
of the sealing cap can benefit from enhanced COs migration, shifted phase equilibria in
porous sediment, and reduced permeability caused by entrapped CO2 bubbles and hy-
drate crystals in the sediment, and require significantly less time.

2.2 Enhanced CO; migration by liquid CO; seepage

With a shallow water depth d = 100m, a geothermal gradient Gr = 0.03K/m
and a hydrostatic pressure gradient G'p ~ 10* Pa/m, the base of the hydrate stability
zone is at zz = 288 mbsf, and the COy liquid—gas phase boundary is at z, = 352 mbsf
(Figure 1a). Liquid CO5 from the sequestration site first permeates to z, by ambient pres-
sure and buoyancy, which can be approximated as a Darcy flow

k
uco, = T o V(P - pco,8) 9)
2

and compared with the pore fluid upwelling velocity without COq
k

w=——(VP-pg) (10)
12
we have f
uco, = w + ——(pco, — p1)g- (11)
HCO, HCO,

The density difference Ap = pco, — pi between liquid CO2 and the seawater can be
calculated using the correlation by Levine et al. (2007) (Figure 1b), the permeability of
the sediment to liquid CO; k is assumed the same as the permeability to water, and the
viscosity of the liquid COjy is from Fenghour et al. (1998). The pore fluid upwelling ve-
locity is taken as 1 mm/yr (Davie & Buffett, 2003). At the temperature and pressure range
of the model, the liquid CO2 upwelling velocity is around 0.7 m/yr, about two orders of
magnitude larger than u;, and for a unit seep area, the advection mass flux of COs is

less than u;p; X ~ 0.06 kg/(m2-yr), whereas the liquid CO3 seepage can transport uco,pco, =
608kg/ (m2-yr). In fact, if we take into account of possible overpressure during the in-
jection of liquid COs, the permeation can be even faster.

With the enhanced permeation of liquid COg, at the Lco,-G boundary which is
only at a distance z, — z3 = 64.5m from the bulk BHSZ, abundant liquid COs turns
into gaseous (and dissolved) COg. This distance is only a tenth of the distance from the
BHSZ to the sequestration depth, drastically shorter compared with that of methane mi-
gration from deep methanogenic regions to the BHSZ for methane, but it still requires
a long time if CO9 can only form hydrate at the BHSZ. However, due to shifted G-L and
H-L equilibria in sediment pores, a three-phase zone where CO5 bubbles, CO2 hydrate



Table 1. Parameters and nominal values for CO2 gas, CO2 hydrate, and water based on homoge-

neous three-phase equilibrium conditions 73 = 282 K and P; = 4 MPa.

Model parameters Symbol  Unit Value
CO; molar dissolution heat ® AYH  kJ/mol  —20.24
CO3 hydrate molar dissolution heat P AMH  kJ/mol 423
molar volume of water © Vi cm?®/mol  17.93
partial molar volume of CO5 in water ? I_/g cm? /mol  28.4
molar volume of COy hydrate 4 Vi, cm?/mol  135.4
o o 2
thermodynamic I(;:IIj burﬁace tension . Yol J/ m 0.07
parameters surface tension Yhi J/m 0.029
hydration number n — ~ 6
mass fraction of COy in hydrate f — 0.289
molar fraction of CO in G-L equilibrium x4 —
molar fraction of COg in H-L equilibrium  xj; —
mass fraction of CO3 in H-L equilibrium X —
compressibility factor of COy f Z —
geothermal gradient Gr K/m 3 x 1072
hydrostatic pressure gradient Gp Pa/m 104
seawater density & ol kg/m?3 1029
liquid CO5 density PCO, kg/m3
CO;y hydrate density " Ph kg/m?3 1120
water viscosity 17 Pa-s 0.001
hydraulic liquid CQg viscosity i . HCO, Pa-s
parameters pore fluid upwelhgg velomt;y Uy mm/yr 1
liquid CO2 upwelling velocity UCO, mm/yr
sediment permeability k m? 10710
effective gas diffusion coefficient D, m? /s 107°
effective salt diffusion coefficient D, m? /s 1079
volume fraction of hydrate in pores Sh, —
volume fraction of gas in pores Sy —
volume fraction of liquid in pores S —
sequestration site depth Zs mbsf 800
water depth d m 100
geological bulk BHSZ depth I z3 mbsf 288
parameters Lco,-G boundary ¥ Z mbsf 352
sediment porosity 10) — 0.5
seafloor temperature Ty °C 0.5
Sources:

2 Duan and Sun (2003). The dissolution heat is evaluated at T3, where the negative sign
means that the solution releases heat, close to the value by Carroll et al. (1991). The par-
tial molar volume of COs is calculated as the derivative of the chemical potential of COq
with respect to the temperature. > The sum of the molar dissociation heat of CO5 hy-
drate into water and COy gas AgisH = 63.6kJ/mol (Anderson, 2003) and CO, dissolu-
tion heat Ag(l)lH. ¢ Wagner and Pruss (1993) 9 Sun and Duan (2005) € Hardy (1977)
fPeng and Robinson (1976) & Spivey et al. (2004) " Udachin et al. (2001)

{Fenghour et al. (1998) J Calculated using Wendland et al. (1999). ¥ Calculated using
Nevers (2012).
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Figure 1. (a) The hydrate stability zone in the sediment, defined by the three-phase equilib-
rium of CO2 hydrate, gaseous CO2 and aqueous CO2 (teal circles and curve, with data compiled
by Sloan and Koh (2007)) and the geothermal temperature (red dashed line). The black dashed
line is the boundary between liquid CO2 and gaseous COg2, which is also the three-phase equi-
librium of COgz hydrate, gaseous CO2 and liquid CO2 (black squares, from Larson (1955)). The
contour of the density difference between liquid CO2 and seawater Ap = pco, — pi with a con-
stant salinity 3.5 % (Levine et al., 2007) overlayed on the temperature profile below the Lco,-G
boundary. The contour levels are in kg/m®. In the temperature and pessure range considered, Ap
is around —160kg/m?3. (b) The three-phase coexisting zone near the BHSZ. Under bulk condi-
tions, above the BHSZ, the CO2 solubility is determined by H-L equilibrium, increasing with the
depth (green curves). Below the BHSZ, hydrate dissociates and the dissolved COz is in equilib-
rium with CO2 gas (red curves). The shifted solubilities in pores help to generate a finite zone
where three phase coexist, where one non-wetting phase in finer pores with larger surface cur-
vatures is in equilibrium with the other non-wetting phase in coarser pores with smaller surface

curvatures.

and aqueous COy coexist may extend towards the Lco,-G boundary. As a result, the
gaseous and dissolved CO5 may turn into COy hydrate crystals without further migra-
tion, and the entrapped COs bubbles and hydrate crystals can significantly reduce the
permeability even at relatively low hydrate saturations.

3 Three-phase coexistence near the BHSZ

The depth of the BHSZ in bulk conditions is determined by the intersection of H-
L and G-L equilibria constrained by the temperature, pressure, and salinity conditions,
and below the BHSZ the hydrate phase is no longer stable. In porous sediments, how-
ever, the formation of hydrate deviates from the L-G-H three-phase bulk equilibrium (Fig-
ure 1b). The aqueous solution wets the sediment grains, and gaseous and hydrate phases
are both non-wetting to the grains. Pore walls act as geometric constraints to surfaces
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of gas bubbles and hydrate crystals, and hence affect the curvatures and the surface en-
ergy of the curved H-L or G-L interfaces (e.g., Clennell et al., 1999; Henry et al., 1999;
Daigle & Dugan, 2011; Liu & Flemings, 2011).

Existing studies on the hydrate in porous media mostly treated the pores as cylin-
ders (e.g., Wilder et al., 2001) or spheres connected by cylindrical throats (e.g., Liu &
Flemings, 2011). These simplified regular pore models help to understand the effect of
pore size distribution on the equilibrium of hydrate in porous media, but they ignore the
variation of the interface curvature of the non-wetting phases, which shifts the equilib-
rium as non-wetting phases grow or dissolve. In real marine sediment, pore space between
granular sediment grains is irregular, and allows phase boundaries of different curvatures
to coexist in adjacent pores and crevices. To accommodate the pore sizes, the bulk BHSZ
shifts to a finite three-phase zone due to heterogeneously distributed interface curvatures
in the sediments, where one non-wetting phase in the pore center with a large interface
radius may be in equilibrium with the other non-wetting phase in a small crevice with
a small interface radius at the same pressure, temperature and salinity.

3.1 Thermodynamic relations

To investigate the shifted solubilities in pores, we use x4 and zp; to denote the equi-
librium COs solubilities (in molar fraction) at a three-phase equilibrium temperature T3
and pressure P3 with a flat G-L and H-L interface. The elevated CO4 solubilities with
a gas bubble radius r4 or a hydrate crystal radius rj, are

2 2V
/ - 14 oo 2 ! -
xgl(rg) ol < + Py +GpAzry )’ Thi(Tn) = Tn exp Rrp(Ts + GrAz)

where 7,4 and 7y, are the surface tension of the G-L and H-L surfaces, and Az is the off-
set from the bulk BHSZ depth z3. Similar to the H-L equilibrium in Section 2.1, in the
G-L equilibrium

. (12)

CO2(g) == CO2(aq), (13)

the thermodynamic relations for the CO5 solubility are

sol — ~
= ~

Z
T |, RT* ~ 9P |, RT P

l
Olnxy _ AT H <0 Olnzy Ve =V, >0, (14)

where AgélH is the molar heat of solution of CO, gas, Vj is the molar volume of CO»
gas, Vg is the partial molar volume of COs5 in water, which is negligible compared with
Vg, and Z is the compressibility factor of COq. Partial pressure from water vapor is also
negligible because in the temperature range of interest, the saturation vapor pressure is
much smaller than the hydrostatic pressure. The dependence of G-L solubility x4 with
depth near z3 can be expressed in a form similar to eq. (7)

dInzy AV H Z
= = =G+ 26 15
Ggl dz . RT32 T+ P3 P, ( )

where Z is evaluated using an equation of state for COs (e.g., Peng & Robinson, 1976).
With T5 =~ 282K, P3 =~ 4 MPa, and the values for G7 and Gp (Table 1) we have

gg1 = 0.778km ™! (16)

Because gp; = 1.913km ™! > ggqi, the gradient of the CO; G-L solubility is much gen-

tler than that of the CO5 H-L solubility, and the positive values mean that both increase
with the depth. Within a small distance of z3, the change in Z and other thermodynamic
properties are negligible, and bulk solubilities at z = z3 + Az are approximated as

JL‘gl(z) = I3 €Xp (gglAz) , rh(z) = xzexp (gulAz), (17)
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and the resulting change in the BHSZ location from the bulk BHSZ is determined by equat-
ing the two solubilities at z = z3 + Az

2Vh i 2941 1
= — A 1 1+ —==—]. 18
rR(T5 + GrAz) (991 = gne) Az +1In ( + rg P34+ GpAz (18)

With 7, and 75, constrained by the pore space, the depth offset Az can be solved. We
can use a Monte Carlo method to find the maximum offset for mono-dispersed granu-
lar sediment as a function of the saturation levels.

3.2 Monte Carlo simulation of the three-phase boundaries

To account for the distribution of curved interfaces in 3D irregular pores between
spherical grains, we use the method in Chen et al. (2021) to study the L-G-H three-phase
coexistence in marine sediments, which was based on the Monte Carlo approach by Rempel
(2012) in 2D crevice spaces and later extended to 3D by Chen et al. (2020). A descrip-
tion of the Monte Carlo scheme is provided in the Supporting Information. For simplic-
ity, we use the mono-dispersed Finney pack (Finney, 1970), and ignore possible influ-
ence of the salinity because with small variations in the salinity, the temperature depres-
sion is almost uniform near the BHSZ. We calculated the deviations from the bulk BHSZ
corresponding to the radii of the gas bubbles and hydrate crystals using eq. (18), shown
in Figure 2 with the positive direction pointing downwards. The spherical grain radii are
R = 107% — 10~*m, in the grain size range of silt to fine sand. For both grain sizes,
the three-phase zones bend downwards at high saturation levels of the emergent phase,
because the growing emergent phase further intrudes into the crevice, increasing both
curvatures. In coarser sediment (10~% m grain radius) with larger pores, the three-phase
zone is thinner and closer to the bulk BHSZ, whereas in finer sediments (107°> m and 10~%m
grain radius), the three-phase zone is broader, suggesting stronger deviations from the
bulk conditions. For finer grains, the three-phase zone extend significantly towards the
Lco,-G boundary even at relatively low hydrate saturations. Therefore, CO2 can form
hydrate crystals near the Lco,-G boundary without migrating a long distance to the bulk
BHSZ. These hydrate crystals, together with entrapped CO5 bubbles, help to limit the
leakage even before sufficient hydrates accumulate and form a hydrate sealing cap.

3.3 Sensitivity of the three-phase zone to temperature and pressure per-
turbations

With the three-phase zone acting as a bubble-hydrate buffer, it is important to un-
derstand the response of the zone to temperature and pressure perturbations. Because
the variation in the hydrostatic pressure gradient Gp is negligible, the depth of the three-
phase zone depends on the geothermal gradient Gp and the three-phase equilibrium con-
ditions T3 and P3; which are functions of the water depth d and Gr. Therefore, the main
source of perturbations for the three-phase zone is the change of the sea level and tem-
perature perturbations. We perform numerical tests with the sediment grain radius 107° m,
where the seawater depth d = 90 — 110 m and the geothermal gradient Gy = 25 —
35K /km. The results are presented in Figure 3. Combined with Figure 2, we can see that
finer grains, larger geothermal gradients, and shallower water depths all tend to broaden
the three-phase zone. In the scenario of d = 90m and Gt = 3.5x1072 K/m, the three-
phase zone is so broad that it encompasses the Lco,-G boundary, which means that COq
hydrates can coexist with COy bubbles immediately after the liquid CO5 turns into gaseous
COs. Sources of the perturbations could be seasonal temperature changes or tidal sea
level changes, but sub-marine geologic activities, such as earthquakes or landslides, are
more likely to cause large abrupt changes in a short period of time, which can affect the
sealing capability of the bubble-hydrate cap.
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Figure 2. Monte Carlo simulation of the upper and lower boundaries of the three-phase zone

for CO2 hydrate bearing sediments plotted against the saturation of the emerging phase in 3D
mono-dispersed granular media with particle sizes R = 107* — 107 m. At the bottom boundary
the emerging phase is the hydrate, whereas at the top boundary the gaseous phase is incipient.
With larger sediment grains of a grain radius 10™% m, the three-phase zone in sediments is closer
to the bulk BHSZ, and its thickness is much less than that of 1075 m and 10~® m grain radius,
consistent with the fact that if the phase equilibrium is not confined by the finite pores, the
three-phase zone shrinks to a unique depth, i.e., the bulk BHSZ.

4 Discussion
4.1 Permeability reduction due to entrapped bubbles

In the sediment, the sealing capability is usually attributed to the hydrate satu-
ration Sy. However, the role of entrapped COs bubbles cannot be overlooked. To reduce
the surface energy, small mobile bubbles tend to grow and coalesce into a large bubble
during upwelling, and the large bubble is eventually confined by pore walls and occu-
pies significant fraction of the pore space. Below the three-phase zone, the bubble-filled
pore space may also reduce the liquid saturation S;, hence reduce the permeability. In-
side the three-phase zone, the saturations of hydrate crystals and gas bubbles are in a
dynamic equilibrium, and both the pore centers and crevices are occupied by the non-
wetting phases. Consequently, the permeability is further reduced.

4.2 Increasing COs supersaturation during upwelling

The gas solubility plays an important role in determining the location of the three-
phase zone and gas transport below the BHSZ. For CO;, we have calculated that at the
BHSZ O0lnzy/0z =0.778 km ™! > 0, which means that the COy gas solubility increases
with the depth, because the contribution from increasing pressure outweighs the decreas-
ing solubility from higher temperature. At the Lco,-G boundary about 100 m from the
BHSZ, x4 is about 8% higher than that near the BHSZ. The solubility difference not
only provides a gradient for diffusion, but also causes increasing COo supersaturation
during the upwelling, and more bubbles form. Besides permeability changes, the bubble-
filled column below the BHSZ may also affect the chemistry of the pore fluid. It is worth
noting that for methane, the gas solubility decreases with the depth below the BHSZ (Chen
et al., 2021), so the supersaturation level of methane decreases as it migrates towards
the BHSZ, which is another important difference between methane hydrate reservoir and
CO; hydrate reservoir.
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Figure 3. Sensitivity of the three-phase zone to the variations of water depth d and geother-
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with shallower d and larger G, which means the zone is not well constrained. With a water
depth d = 90 m and a geothermal gradient Gr = 35 K/km (upper right tile), the three-phase zone
entirely encompasses the Lco,-G boundary.
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4.3 Rate of hydrate formation in the three-phase zone

In advection-dominated hydrate formation, methane hydrate reservoir evolves at
a timescale of hundreds of thousands years because of the slow migration of methane.
For CO3 sequestration site, however, the three-phase zone is close to the Lco,-G bound-
ary, and the relevant Péclet number is smaller than unity, so hydrate formation in the
three-phase zone is mainly determined by CO; diffusion. In the case of broad three-phase
zones, the three-phase zone may directly encompass the Lco,-G boundary. After the ini-
tial nucleation stage, the characteristic size of hydrate crystal is /Dgt (Zener, 1949),
so with Dy ~ 1072m? /s, the crystal can grow to a size comparable to the pore size in
the sediments in a very short period of time with abundant CO5 supply, leading to fast-
forming sealing capability by CO5 hydrates.

4.4 Hydrate in equilibrium with the liquid CO,

In previous sections we only considered the situations where the COs hydrate is
in equilibrium with gaseous or aqueous COs, and neglected the situation where the COq
hydrate is in equilibrium with the liquid COs. In actual practice of sub-seabed CO; se-
questration, CO2 hydrate may form during the liquid COs injection (Kvamme et al., 2019).
However, for the temperature and pressure range for our consideration, the only instance
where hydrate may form in equilibrium with liquid COs in the absense of promoters or
inhibitors is at the Lco,-G boundary (Figure 1a), with a specific depth at z,. At this
depth liquid COs can turn into gaseous COs or CO3 hydrate, and the hydrate can fur-
ther reduce the permeability and strengthen the sealing capability. Some recent exper-
imental studies (e.g., Qureshi et al., 2022) suggested that high pressure liquid CO2 can
form hydrate much faster due to higher driving force, but more understanding of the mul-
tiphase flow of liquid CO5 and seawater in sub-seabed environment is needed before bet-
ter assessment can be made.

4.5 Effects of hydrate promoters

Many proposed CO5 sequestration technologies involve hydrate promoters, includ-
ing thermodynamic promoters and kinetic promoters. Thermodynamic promoters may
shift the phase equilibrium of hydrate, but are not environmentally friendly, whereas ki-
netic promoters, especially those which are environmentally friendly, generally do not
alter the hydrate equilibrium (Nashed et al., 2018). As a result, we expect that the ki-
netic hydrate promoters will not change the depth of the BHSZ, as well as the three-phase
coexisting zone.

5 Conclusion

Self-sealing capability of the COs hydrate-bearing sediment layer is crucial to ef-
fective sequestration of CO5 in sub-seabed sediment, and the three-phase zone plays a
critical role in the formation of the self-sealing cap. We demonstrate that unlike methane
hydrate reservoir which takes a long time to form, the self-sealing cap above the COq
sequestration site can form in a relatively short period due to enhanced CO5 permeation
and permeability reduction in the three-phase zone by CO5 bubbles and hydrate crys-
tals. With typical geological settings, we use a Monte Carlo method to simulate the depth
and thickness of the three-phase zone, which exists below the bulk BHSZ and is close
to the CO3 liquid—gas boundary less than 100 m away from the BHSZ. The three-phase
zone becomes broader and deeper with finer grains, shallower water depths and larger
geothermal gradients, suggesting possible variations in the sealing capability when sub-
marine earthquakes or landslides occur. Our work provides an insight into the develop-
ment of sealing capability of the COs hydrate-bearing sediment cap, distinguishes its dif-
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