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The Immobility of CO, in Marine Sediments Beneath 1500

Meters of Water

Kurt Zenz House,*™ Bilgin Altundas,” Charlie F. Harvey,” and Daniel P. Schrag

Injecting liquid CO, into deep-sea sediments below ca. 3 km of
seawater has been suggested for the permanent storage of an-
thropogenic CO,. At the pressures and temperature found
below 3 km of seawater, CO, becomes denser than seawater
and so is likely to remain permanently sequestered in the sedi-
ment. Deepwater engineering, however, is expensive and sea-
water depths of greater than 3 km are often only reached far
from shore. Here, we consider the less expensive alternative of
injecting CO, into marine sediments at depths shallower than
required for denser-than-seawater CO, storage. We compare
the mobility of liquid CO, that has been injected into deep-sea
reservoirs with the mobility of supercritical CO, that has been
injected into geologically equivalent (i.e., identical porosity,
permeability, and effective stress) reservoirs with terrestrial

Introduction

The combustion of fossil fuels is likely to produce over
1000 GT of CO, from large point sources over the next 100
years without a dramatic shift in the means of global power
production.? Technologies to capture CO, produced at indus-
trial facilities and approaches to inject the CO, into geologic
repositories are being pursued to help stabilize the concentra-
tion of atmospheric CO,. When measured by pore-volume,
there appears to be sufficient CO, capacity in terrestrial US
basins to store thousands of years worth of current US emis-
sions.’® However, it may be difficult to guarantee the long-
term confinement of buoyant CO, in terrestrial reservoirs that
often contain fractures, faults, and abandoned wells and may
be subject to pressure-induced fracturing.”™ Furthermore, se-
curing the surface rights for injection can be expensive.
Storing CO, in deep-sea sediments has been proposed as an
alternative to storing CO, in terrestrial formations."®" Previous
work has demonstrated that beneath ca. 2800 m of ocean, the
pressure and temperature conditions compress CO, to a liquid
phase that is denser than seawater."" Storing denser-than-sea-
water CO, in deep-sea sediments is inherently more secure
then storing buoyant supercritical CO, in terrestrial formations
because in the latter case, the CO, can escape through any
conduit such as a fault or fracture.” The key benefit of deep-
sea sediment storage is that confidence in the storage integrity
derives from the known physical properties of CO, and seawa-
ter. In terrestrial reservoirs, on the other hand, CO, must be
trapped by a confining layer of shale or clay."? As a result, en-
suring the long-term storage of CO, in a terrestrial formation
requires a detailed understanding of the structural geology;
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pressure and temperature conditions. We demonstrate that
buoyant liquid CO, with a density of about 90% that of seawa-
ter is sufficiently immobile that it can be considered trapped
by gravity and capillarity. In contrast, supercritical CO, under
typical terrestrial conditions is highly mobile and only trapped
by the appropriate confining layer in either a structural or
stratigraphic trap. As a result of its very high mobility under
terrestrial conditions, CO, injected in an unconfined formation
would spread beneath the confining layer to produce a large
flat cylindrical-shaped plume of pure-phase CO,. In contrast,
the less mobile CO, in a typical deep-sea reservoir produces a
spherical-shaped plume, resulting in a pure-phase-CO, foot-
print that is much smaller than the pure-phase-CO, footprint
formed in the confined-terrestrial reservoir.

whereas ensuring such storage in appropriately deep marine
sediments only requires knowledge of the in situ pressure and
temperature.

Nearly 80% of the ocean floor within the 200 mile (1 mile=
1.609x 10° m economic-free-zone of the US, however, is less
than 3 km deep, and the sections of the ocean floor that are
sufficiently deep tend to be > 100 miles off the coast." Con-
struction of deep ocean pipelines costs ca. two million dollars
per mile."™ Bielicki has shown that there is nearly twice as
much available storage area within the economic-free-zone at
2 km ocean depth as there is at 3 km ocean depth." There-
fore, storage of CO, in deep-sea sediments at depths shallower
than 3 km would be both less expensive and more available,
but it would not provide the storage assurance of negatively
buoyant CO.. As an alternative to storing denser-than-seawater
CO, in sediments below ca. 3 km of seawater, we investigate
the post-injection plume mobility of CO, stored in more shal-
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low sediments. In these sediments, liquid CO, is between 5%
and 10% less dense the seawater.

In this paper, we analyze long-term storage of buoyant
liquid CO, injected into confined and unconfined deep-sea
sediments. We compare the mobility of CO, in these marine
sediments with the mobility in geologically equivalent terrestri-
al reservoirs with standard pressure and temperature (P&T)
conditions. It is concluded that although the CO, is buoyant,
as long as the P&T conditions are sufficient to yield liquid CO,
with a density of about 90% that of seawater, then the CO, is
sufficiently immobile that it can be considered trapped by
gravity and capillarity. In contrast, the supercritical CO, injected
into terrestrial reservoirs is highly mobile and only trapped
under the appropriate geologic structures—such as structural
or stratigraphic traps.

Physical Basis for Post-Injection CO, Mobility
Dimensional parameters

Three dimensionless parameters primarily govern the post-in-
jection migration of CO, in porous media.™ The first parame-
ter is the buoyancy number:

SZpHZO — Pco, (1)
Pu,0
where p,,, is the density of the saline pore-fluid and pc, is the
density of CO,. As the densities approach the same value, & ap-
proaches zero, and buoyancy-driven advection ceases. In addi-
tion, the vertical Darcy velocity scales linearly with £ The
second dimensionless parameter is the mobility number:

Hn,0
M= e ()

where uy, o and o, are, respectively, the viscosity of the saline
pore water and the viscosity of the CO,. M has been shown to
dramatically affect the post-injection plume evolution." In
particular, the shape and the length of the gravity wave
depend strongly on this ratio.'® As M increases, the effect
known as “gravity tonguing” increases, which results in thinner
CO, plumes that occupy much greater reservoir areas.

The last key dimensionless parameter is the Bond number,
which is the ratio of the buoyancy force to the capillary
force:™

_ (szo ;Ocoz)g (3)

Bo

where g is the gravitational acceleration, r is the characteristic
length scale of the curved surface interface, and vy is the inter-
facial surface tension between the CO, and the saline pore-
water. Because the CO,/water interface is curved by the porous
microstructure, the length scale (r) is the typical pore radius.™
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H,O is a more polar molecule than CO,, and as a result, it
has a greater affinity for the charged surfaces of rock than CO..
With H,0 as the wetting phase and CO, as the nonwetting
phase, the capillary force tends to resist migration, while the
buoyancy force drives migration. Therefore, when Bo is >1,
buoyancy dominates and the CO, plume will tend to migrate
significantly, while when Bo is <1, then capillarity dominates
and the plume will not migrate.

A larger & clearly leads to greater buoyancy driven advec-
tion, while decreases in M result in viscous fingering and fur-
ther plume growth."® A small Bo indicates that capillary forces
are strong relative to buoyancy forces, which results in greater
capillary trapping of the CO,. Therefore, conditions that result
in smaller values of &, M, and Bo are better for long-term stor-
age of CO,.

Capillary breakthrough length

An alternative comparison between the buoyancy force and
the capillary force can be made with the capillary break-
through length (H). Specifically, the capillary breakthrough
length estimates the quantity of buoyant fluid—CO, in this
case—that can be trapped by the capillary pressure of the
curved meniscus."” H is determined by balancing the buoyan-
cy force and the capillary force:

Fs = ApgH(mr*) = Fc = y(27r) cos(6) (4)

where r is the pore-throat radius, H is the length of the fully
connected pure-phase CO,, and @ is the angle that the fluid
meniscus makes with the pore-throat wall."® Thus, H is:

b= 2y cos(0) (5)
Apgr

Table 1 compares the three key dimensionless parameters
and the capillary breakthrough length for an 850 meter-deep
terrestrial aquifer to the conditions typically found 800 meters
below the seafloor and 2000 meters water depth."™ It is nota-
ble that all three of the dimensionless parameters are substan-
tially smaller—indicating less migration—in the deep-sea set-
ting than in the terrestrial setting.

Table 1. Comparison of key dimensionless parameters and the capillary
breakthrough length for a terrestrial aquifer to the conditions typically
found 800 m below the seafloor with 2000 meters water depth.®

Reservoir P [MPa] TIK] 13 M Bo H

Terrestrial (Terr) 10 318 0.51 16.1 1.7x10°° 1.2
Deep-sea (DS) 28 296 0.06 85 20x10° 100
Terr/DS ratio NA NA 9.2 19 86 0.1

[a] In both cases, a hydrostatic pressure gradient was assumed, while the
geothermal gradients were taken to be 0.025 km™'. The seafloor tempera-
ture was 276 K, while the terrestrial surface temperature was 293 K, and
in both cases the pore-throat radii=10"° m. The last row is the ratio of
the value in the terrestrial setting to the value in the deep-sea setting.
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The last row in Table 1 reveals the capillary breakthrough
length in each setting. Here, 6 is taken to be zero and r is
taken to be ca. 10 um for both the terrestrial and marine cases.
In practice, r varies significantly, but in moderately permeable
sandstone reservoirs is it typically on the order of 10 um.?” We
choose to keep the wetting angle and the pore through equal
in this analysis to elucidate the effects of the pressure and
temperature.

It should be noted that H for a shale confining layer will be
several orders of magnitude higher than for a reservoir layer
due to its smaller pores. But, the differences in v and Ap be-
tween the two settings result in a capillary breakthrough
length in the marine reservoir that is ca. 10 times larger than
the value in the terrestrial reservoir. The larger H in the marine
reservoir indicates that 10 times more pure-phase CO, must ac-
cumulate before the buoyancy force can overcome the capilla-
ry force.

All the physical parameters indicate that buoyant CO, inject-
ed into marine sediments will migrate less than CO, injected
into hydrogeologically equivalent (i.e., equivalent porosity and
permeability) terrestrial sediments. The ratios of these four pa-
rameters (Table 1) indicate that buoyant CO, injected beneath
the seafloor will not migrate nearly as far as CO, that has been
injected into a terrestrial reservoir.

Methods
Modeling of CO, plume migration

The pressure and temperature conditions differ dramatically
between deep-sea sediments and terrestrial reservoirs. To
study how these distinctly different conditions affect CO,
plume migration, 3D reservoir simulations of CO, injection into
four different reservoirs were performed with the commercial
reservoir simulator ECLIPSE 300, and industry standard reser-
voir simulator for modeling multiphase flow in porous media
with reactive transport. Comparative analysis between multiple
reservoir simulators indicates strong agreement between the
simulators regarding the behavior the stored CO,.?"

ECLIPSE 300 solves the multiphase flow equations for an
input set of relative permeability curves and capillary pressure
curves.”? Most significantly, it simulates miscible flow by simul-
taneously solving the multiphase flow equations as well as the
diffusion-advection equation for the miscible components.
Solving the multiphase flow equations with dissolved transport
is important for long-term simulations of geologic CO, storage.
To elucidate the behavior of CO, under different pressure and
temperature conditions, we performed simulations in four dis-
tinct reservoirs. We use the software to model the post-injec-
tion migration of CO, in a confined-terrestrial reservoir, an un-
confined-terrestrial reservoir, a confined deep-sea reservoir, an
unconfined deep-sea reservoir. The geologic properties of each
class of reservoir (i.e., confined reservoirs and unconfined res-
ervoirs) are identical. That is to say that the values of intrinsic
vertical permeability (k,), intrinsic horizontal permeability (k)
and porosity (6) are the same in the confined reservoirs under
both P&T conditions. Likewise, those physical properties are
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the same in the unconfined reservoirs under both P&T condi-
tions. In the unconfined reservoirs, the permeabilities are ho-
mogeneous and anisotropic: k,=5x10"">m? and k,=10""* m?,
Whereas, in the confined reservoirs, the permeabilities are in-
homogeneous and anisotropic with k,=k,=10"""m? in the
confining layer and k,=5x107"> m? and k,=10""* m? in the re-
servoir layer. There are no tectonic forces in any of the simula-
tions, and thus, the effective stresses (g;) in all cases are the
difference between the lithostatic pressure and the hydrostatic
pressure. In addition, the reservoirs in all four simulations are
not laterally confined. To accommodate that condition, the
simulations were performed with sufficiently large reservoirs
such that pressure in the outer most grid blocks were not af-
fected by more than 1% during the injection.

Since the geologic properties are equivalent in each class of
reservoir, the difference in CO, migration is due entirely to the
different P&T conditions. For both the terrestrial reservoirs, the
surface temperature and pressure are taken to be 288 K and
0.1 MPa, respectively, while the geothermal gradient is taken
to be 0.025 Km.™' Therefore, the terrestrial conditions yield
Pco,~560kgm™ and  uc,~4x107°kgm's™' at the well-
screen. For both deep-sea reservoirs, the pressure at the
bottom of the seafloor is taken to be 276 K, while the geother-
mal gradient is 0.03 km™' Therefore, the deepsea conditions
yield pco,~930kgm™ and uc,,~10"*kgm™'s™' at the well-
screen of our simulations.

The rate at which the CO, mobility parameters increase in
the direction of greater mobility accelerates as the CO, critical
point is approached and crossed." Therefore, if the confining
layer was below the critical point, then our simulations would
overstate the mobility of CO, in confined terrestrial formations.
Indeed, it is widely agreed upon in the CCS literature that ter-
restrial saline formations used for geologic storage of CO,
should be at least ca. 800 m deep to ensure that the CO, re-
mains in its supercritical state.” For that reason, the depth of
the terrestrial simulations was selected such that the confining
layer would be deeper than the point at which the static geo-
logic conditions yield supercritical CO,.

All four simulations involve the constant injection of 300 kT
of CO, per year for 50 years per vertical injection well. The sim-
ulations are radially symmetric around the 100 m long vertical
injection wells. In both confined cases, the confining layers
(k,=k,=10""m? are 700 meters above the bottom of the
well-screen. In the terrestrial unconfined case, CO, is injected
into the reservoir from the bottom 100 meters of the aquifer,
which is 1000 m thick, and 750 m to the surface from the well-
head. In that simulation, the CO2 migration is not modeled at
depths shallower than 1100 m to avoid any phase changes
near the surface. The accurate simulation of CO, during phase
transitions is a critical area of ongoing research.”®

Results
Confined terrestrial reservoir

The results of our simulations are partially shown in Figure 1.
Figure 1a shows snapshots of the confined-terrestrial simula-
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Figure 1. The injection and post-injection plume evolution for four simulations. In all cases, 300 kT of CO, is injected annually for 50 years. The physical prop-
erties of the reservoir (i.e., kV, k, porosity, and the effective stresses) are identical in all four simulations. A) Terrestrial P&T conditions with a confining layer
(k=10"" m?* at 400 m below the top of the reservoir) 1000 meters below the surface. B) Terrestrial P&T conditions with no confining layer. C) P&T conditions
of deep-sea sediments with no confining layer. D) P&T conditions of deep-sea sediments with a confining layer at 400 m below the seafloor.
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tion. Specifically, the figure shows a vertical cross-section of
the volumetric saturation field of pure-phase CO, [S(xr2)]
during and after the injection, where each frame represents a
slice through half of the radially symmetric plume. The 5th
frame in the series shows S(x,rz) at the end of the 50 year in-
jection period. It is apparent from Figure 1a that on the injec-
tion time-scale, the pure-phase CO, migrates vertically to the
bottom of the confining layer.

Figure 2a reveals the fraction of pure-phase CO, at each of
the six 100 meter levels within the reservoir layer of the con-
fined-terrestrial simulation. By the end of the 50 year injection
period, about one-third of the pure-phase CO, resides in the
top 100 meters of the reservoir. Once the injection ends, the
accumulation of CO, beneath the confining layer accelerates
as new CO, is not added to the deepest layer. The fraction of
pure-phase CO, in that deepest layer starts decreasing immedi-
ately at the end of the injection, while the fraction of pure-
phase CO, between 1500-1599 meters starts decreasing about

100%

Terrestrial Confined Reservoir
90%

~==1700- 1600 m ~==1599-1500m

80% 1499 - 1400 m ~—=1399-1300m
o
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Ends’
50%

40%
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20%

Pure-phase CO, at each depth range

10%

FULL PAPERS

two years after the end of the injection. The fraction of pure-
phase CO, in the next three 100 meter levels between 1200
and 1499 meters below the surface starts to decline within 3,
6, and 8 years, respectively, after the end of the injection. Final-
ly, the pure-phase CO, fraction in the top 100 meters peaks
once that fraction in the other 5 levels is in decline.

After reaching its peak, the fraction of pure-phase CO, in the
upper layer decreases because it dissolves more quickly than
the pure-phase CO, in the lower levels. The variance in dissolu-
tion rates between depths is due to the greater horizontal ad-
vection at shallower depths. Ten years after the end of the in-
jection, the horizontal extent of the pure-phase CO, in the
upper 100 meters of the reservoir is 8 times longer than that
of the pure-phase CO, in the deepest 100 meters. Since the
simulations are radially symmetric, the CO, in the upper 100
meters encounters 64 times the volume of pore-water encoun-
tered by the lower levels. Therefore, the deeper pore-water be-
comes saturated with dissolved CO, more quickly than the
shallower pore-water. As a
result, at later times, pure-phase
CO, dissolves more quickly in
the shallow regions than in the
deep regions.

The most important result of
the confined-terrestrial simula-
tions is the size of the free-gas
CO, footprint. As can been seen
in Figure 1a, the highly mobile
CO, in the confined-terrestrial
reservoir rapidly rises to the top
of reservoir layer, and subse-
quently, it migrates laterally by
buoyancy driven advection at
the base of the confining layer.
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Figure 2. The fraction of free CO, at each of the six 100 meter depth levels within in the reservoir layer. A) Terres-
trial confined reservoir: the upper 100 meters of the reservoir contains about one-third of the free CO, at the end
of the injection period. B) Deep-sea confined reservoir: by the end of the injection, ca. 90% of the free CO, is in

the deepest 200 meters of the reservoir.
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cates that the pure-phase-CO,
footprint for the confined-ter-
restrial case equals ca.
0.7 tonnes of CO,) per m’
Therefore, for a coal-fired power
plant emitting 6 megatonnes of
CO, per year, the CO, footprint
for this confined-terrestrial ho-
mogeneous reservoir would be
ca. 380 km% Such a large CO,
footprint is concerning because
the supercritical CO, is evidently
highly mobile and will travel
vertically through any conduit
in the confining layer. The
larger the CO, footprint, the
harder it will be to confine the
CO, because it will be difficult
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to ensure that such a large subsurface region is free of faults,
wells, and/or fractures.

Unconfined terrestrial reservoir

Figure 1b depicts snapshots of the unconfined-terrestrial simu-
lation. The 5th frame in the series shows S(x,r,z) at the end of
the 50 year injection period. It is apparent from Figure 1b that
on the injection time scale, the pure-phase CO, migrates verti-
cally through the reservoir and escapes to the atmosphere.
That result is not surprising as the reservoir was unconfined,
but it is striking how rapid and complete the CO, release is.
Indeed, just 5 years after the end of the injection, a majority of
the CO, had migrated into the zone shallower than 700
meters. In that depth range, the CO, transitions from the su-
percritical state to the vapor state resulting in a rapid increase
in buoyancy and a rapid decrease in viscosity (Figure 3).

All the key mobility parameters accelerate sharply in the di-
rection of greater mobility near the supercritical-vapor transi-
tion:

The rapid increase in CO, mobility at shallow depths in ter-
restrial formations (Table 2, Figure 3) indicates that CO, stored
in terrestrial formations is unstable in the 650-900 m depth
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Figure 3. A) The density of CO, as a function of depth below the surface for
typical terrestrial conditions. The surface temperature is taken to be 293 K,
while the geothermal and pressure gradients are 0.025 km™' and

0.01 MPam™', respectively. It is evident from the figure that the compressi-
bility of CO, increases sharply in the 700-950 m depth range that includes
the transition from the vapor to the supercritical phase. In addition, the rate
at which the viscosity increases with respect to the depth also increases in
that depth range. B) The dimensionless parameter Gr is plotted against
depth below the surface for both the terrestrial P&T conditions and deep-
sea P&T conditions. In the latter case, the depth below surface is the depth
below the seafloor. Gr determines the importance of the capillary force rela-
tive to the buoyancy force. The bigger Gr is, the less important the capillary
force is.
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Table 2. Key mobility parameters for a typical terrestrial formation at 650
meters deep (vapor) and 950 meters deep (supercritical).

Co, P [MPa] TIK] 3 M Bo H
Vapor 6.5 309 0.82 38 22x107° 0.9
Supercritical 9.5 317 056 19 1.9%x10° 1.0
Vapor/SC ratio NA NA 15 2.01 1.1 0.89

range. Thus, CO, escape from terrestrial formations can occur
in accelerating form as depressurizing and cooling CO, be-
comes substantially more mobile.

Unconfined deep-sea reservoir

Figure 1c depicts snapshots of the unconfined deep-sea simula-
tion. Given that the porosity and permeability are the same in
all 4 simulations, the difference between the unconfined ter-
restrial simulation and unconfined deep-sea simulation is dra-
matic. The 4th frame in the series shows S(xr,z) at the end of
the 50-year injection period. It is apparent from Figure 1c
that—although the pure-phase CO, is 6% less dense than the
pore-water—it barely migrates by buoyancy driven advection.

Figure 2b reveals the fraction of free CO, at each of the six
100 meter levels within the reservoir layer for the unconfined
deep-sea simulation. By the end of the injection in the uncon-
fined deep-sea reservoir, over 90% of the pure-phase CO, re-
sides in the deepest 200 meters of the reservoir. In compari-
son, over half the pure-phase CO, in both terrestrial simula-
tions had migrated more than 300 meters vertically. Similarly,
two-thirds of the way through the injection, the time-averaged
vertical front velocity of the CO, in the unconfined terrestrial
simulation was ca. 26 ma~', while that metric in the uncon-
fined deep-sea simulation was ca. 3.6 ma™".

The depletion rate for the pure-phase CO, fraction in the
deepest layer decreases at the end of the injection, while the
fraction of pure-phase CO, between 800-899 meters acceler-
ates at the end of the injection. The fraction of pure-phase CO,
between 700 and 799 meters below the seafloor increases at a
steady rate over the next 50 years after the injection. The vast
majority of the CO, never rises to depths shallower than ca.
700 meters. Indeed, 200 years after the end of the injection,
83% of the buoyant pure-phase CO, is still deeper than 700
meters below the seafloor. Over the subsequent 250 years (i.e.,
from 250 years after the end of the injection to 500 years after
the end of the injection), the pure-phase CO, is essentially im-
mobile as the fractions of CO, residing in the each of the 3
deepest 100 meter levels changes by less than 1% each. Like-
wise, after 950 years of post-injection evolution, 88% of the
pure-phase CO, resides in the deepest 200 meters. The in-
crease in the pure-phase fraction between 450 and 950 years
after the end of the injection is primarily due to the higher
CO, dissolution rates at shallow depths as the pure-phase CO,
mixes with greater volumes of pore-water the farther it mi-
grates.

An important comparison can be made between the pure-
phase-CO, footprint of the confined terrestrial simulation and
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the unconfined deep-sea simulation. As can be seen in Fig-
ure 13, the highly mobile CO, in the confined terrestrial reser-
voir rapidly migrates laterally by buoyancy driven advection at
the base of the confining layer. In contrast, the highly immo-
bile CO, in the unconfined deep-sea reservoir essentially forms
a sphere of pure-phase CO, around the well-screen (Figure 1c).
While the aspect ratio of the confined terrestrial case grows
rapidly in the post-injection period, it is nearly unity in the
deep-sea unconfined case for 1000 years. The modeling indi-
cates that the pure-phase-CO2 footprint for the unconfined
deep-sea case equals ca. 35 tonnes of CO, per m? of seafloor.
That compares to ca. 0.7 tonnes of CO, per m? of terrestrial
land surface. Therefore, the deep-sea sediments can store ca.
50 times more mass of CO, per unit area than a typical terres-
trial formation.

For a coal-fired power plant emitting 6 MT of CO, per year,
the pure-phase-CO, footprint for an unconfined deep-sea re-
servoir would be ca. 8 km? compared to 380 km? in the con-
fined terrestrial case. Such a small footprint is beneficial for
several reasons. Furthermore, the risk of CO, escape is dimin-
ished by a smaller footprint as it is easier to fully characterize
the subsurface conditions for a small footprint than for a large
footprint.

Confined deep-sea reservoir

For completeness, the same simulations were performed for a
confined deep-sea reservoir with the confining layer 600
meters above the bottom of the well-screen as in the confined
terrestrial case. As was demonstrated by the unconfined deep-
sea simulations, CO, at deep-sea P&T conditions is highly im-
mobile. The results of the confined deep-sea simulations (Fig-
ure 1d) are almost identical to those for the unconfined deep-
sea case. That is not surprising because the pure-phase CO,
did not migrate more than ca. 300 meters vertically in the un-
confined deep-sea case. Thus, all the results described in the
unconfined deep-sea case apply to the confined deep-sea
case.

Discussion

In the Supporting Information we derive a one-dimensional
model to explain the differing behaviors of the terrestrial and
submarine plumes. This model elucidates the importance of
the mobility parameters so that we can consider how the sim-
ulation results depend of the parameter values. The 1D model
is formulated to relate the change in CO, saturation to the ver-
tical divergence of pressure:

s 0 1 .dJ(S)
—=— k(1 —F) k(1 —f) =—= 6
ar az{( AN T ©
where,

AogLay /Ky (7)
Gr=—+7"—

g
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As Gr decreases, the relative the importance of capillary
force relative to both the gravitational and viscous forces
grows. The primary variables that compose Gr are the surface
tension (0), the density difference (Ap), the depth of the injec-
tion (L,), the intrinsic permeability (k), and the porosity (¢).

The larger Gr, the less important the capillary force is relative
to the buoyancy force. Figure 3b reveals the value of Gr as a
function of depth below the surface for both terrestrial and
deep-sea P&T conditions. In the latter case, the depth below
the surface is the depth below the seafloor. The values of Gr in
Figure 3b were calculated with homogenous and isotropic per-
meability (k=10"""m? and porosity (¢=0.15) values, so the
change in Gr with depth depends on Ap and ¢.%¥

It is apparent from Figure 3b that Gr under typical terrestrial
condition is between about 10 and 50 times bigger than Gr
under typical marine conditions, which indicates that the capil-
lary force is much more important relative to the buoyancy
force in a deep-sea reservoir than in a terrestrial reservoir. Fur-
thermore, the absolute values shown in Figure 3b indicate
that under typical terrestrial conditions 1/Gr is on the order of
1072 and thus, the capillary term in Equation (6) can be drop-
ped for most capillary pressure functions. Indeed, other analyt-
ic models of post-injection CO,-plume evolution in terrestrial
reservoirs ignore capillary effects.”

Under typical deep-sea conditions, on the other hand, 1/Gr
is on the order of 0.1-1.0. Therefore, in deep-sea reservoirs, the
capillary force and the buoyancy force affect the CO, plume
migration to a similar degree. Since the pore-water is the wet-
ting phase,””® then the capillary force tends to draw water into
the CO, plume, which tends to resist buoyancy-driven migra-
tion. The result of this near-balance between buoyancy and
gravity is evident in Figure 1c and d. In both of those simula-
tions, buoyant CO,—with a density of about 94% that of the
pore-water—is essentially immobile for 950 years after the in-
jection is complete.

Conclusion

Nearly 34 billion tonnes of CO, was produced globally in
2007." We believe that stabilizing atmospheric CO, within this
century will require the storage of approximately 1000 GT of
CO, over the next 100 years. We have demonstrated that su-
percritical CO, injected into typical terrestrial reservoirs is
highly mobile, and its mobility can result in a pure-phase CO,
footprint of ~0.7 tonnes of CO, per square meter. In compari-
son, liquid CO, in deepsea sediments is highly immobile, and
its immobility will result in a pure-phase-CO, footprint of ca.
35 tonnes per square meter. The factor of ca. 50 between the
two footprints is significant. If 1000 GT of CO, were injected
into typical terrestrial reservoirs over the next 100 years, then
those reservoirs would comprise a footprint of approximately
1.4 million km?; whereas, if that mass of CO, were injected into
typical deepsea sediments, then the total CO, footprint would
equal about 29000 km?. The much smaller footprint combined
with the dramatically lower mobility of liquid CO, in deepsea
sediments suggests that storage of CO, in deep-sea sediments
could play a large role in CO, emissions abatement.
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