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storage than with gravitational trapping. These characteristics o�er CO2 storage opportunities that

are closer to coasts, more accessible, and likely to be less costly.

Keywords: CO2 storage, marine sediment, Heterogeneity-assisted trapping

1. Introduction

Carbon dioxide (CO2) capture and storage (CCS) can help stabilizing greenhouse gas concen-

trations in the atmosphere and mitigate global climate change [1{7]. Multiple approaches have been

proposed for the long-term storage of anthropogenic CO2 emissions, including injection into deep

geologic formations (e.g., depleted oil and gas reservoirs, coalbeds, saline formations, shale [8{16]),

deep ocean waters [17, 18], and storage via chemical transformations [19, 20]. However, each of

these options has drawbacks. In onshore geologic formations, CO2 is buoyant and can leak from the

reservoir through an overlying impervious formation [21, 22], and overpressure due to CO2 injection

may fracture the overlying caprock or induce seismicity [23, 24].

Deep ocean waters may be acidi�ed by CO2, with concomitant impacts on marine ecosystems,

and the CO2 is prone to mixing with ocean currents and may be ultimately released to the at-

mosphere [25]. Further, industrial demand for chemical transformations is �200 MtCO2 per year,

which is roughly 175 times less than the amount of CO2 that was emitted from energy use world-

wide in 2013 [22]. O�shore geologic formations could also be used for CO2 storage, which may be

bene�cial because they are not beneath onshore populations, cannot negatively a�ect underground

sources of drinking water [26], and regulatory considerations and ownership issues may be more

easily reconciled than for onshore locations [27]. In fact, several o�shore CO2 storage projects are

underway, including CO2ReMoVe [28], SUCCESS [29], QICS [30], and NLECI [31], and NCIP [32].

Most of these projects are implemented in aquifers under shallow seas and, as in onshore geologic

formations, there are hazards that arise from overpressure and the buoyancy of emplaced CO2, such

as, CO2 interaction with seawater.

We revisit in detail a more promising option for CO2 storage: emplacement in deep marine

sediments [33{35]. CO2 storage in deep marine sediments has the advantages of geologic storage and

deep ocean storage [33]. For example, CO2 storage in marine sediments can bene�t from continuous

subsea pressure management and potential chemical transformations through the formation of CO2

hydrates [34]. While the costs are likely to be higher, CO2 storage in marine sediments could be

more tenable than other options for CO2 storage, especially when risks are considered. We note

that the cost evaluation and cost comparison to onshore CO2 storage are outside the scope of our

work.

At su�cient ocean depths, the pressure is high enough and the temperature is low enough for

liquid CO2 (CO2(l)) to be more dense than the surrounding less compressible seawater [36]. If CO2
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was injected above the sea
oor, it would sink and form a lake of gravitationally stable CO2(l) on

the sea
oor. But if CO2 was injected into the sediments below the sea
oor, the emplaced CO2(l)

would descend deeper into the sediment. As it descends, the increase in temperature due to the

geothermal gradient would cause the density of the CO2(l) to pronouncedly decrease. At the neutral

buoyancy depth (NBD) into the sediments, the CO2(l) would stop descending because its density

becomes equal to the density of the surrounding pore 
uid, and thus the CO2(l) isolates itself within

the sediment pores. Gravitational trapping occurs in the \negative buoyancy zone" [33] in marine

sediments, located between the sea
oor and the NBD, where the emplaced CO2 is more dense than

the pore 
uid. This gravitational trapping exists at water depths >�2.5 km and sediments within

several hundred meters beneath the sea
oor [37]. Also, if CO2 were injected beneath the NBD, it

would ascend until it reaches the NBD, where it would then be gravitationally trapped.

Despite the advantages of CO2 storage in marine sediments, the suitability of this option is

poorly understood, and thus the global storage capacity, while potentially enormous, is highly un-

certain [35, 38]. Prior studies of CO2 storage via gravitational trapping have assumed homogeneous

sediments [33, 35], but experimental, numerical, and �eld studies suggest that reservoir permeabil-

ity heterogeneity may enhance CO2 trapping by hindering the upward migration of buoyant CO2

[39]. As such, models that incorporate permeability heterogeneity more accurately account for CO2

fate and transport in the reservoir [40, 41].

In this work, we perform reservoir simulations of CO2 injection and its interaction with sediment

pore water, based on 
uid and sediment data from four sites in the U.S. Gulf of Mexico (GOM),

shown in Fig. 1(a). The marine sediments at these sites are su�ciently thick and permeable for

CO2 storage. The sediment porosity and permeability have variable degrees of heterogeneity and

anisotropy, which re
ect the original and post-depositional processes [42{44]. We incorporate these

heterogeneities and anisotropies at the reservoir level into our models, where we explicitly model

solubility and gravitational trapping processes. Given the various temperatures and pressures in

the marine sediments, and the uncertainty in 
uid 
ow parameters, we develop and implement

a statistical framework to quantify the uncertainty in CO2 storage capacity and leakage into the

seawater during the heterogeneity-assisted trapping of CO2 in marine sediments. To best of our

knowledge, this work is the �rst numerical simulation study on CO2 sequestration in heterogeneous

marine sediments.

We �nd a large CO2 storage potential due to heterogeneity-induced trapping, which is also e�ec-

tive in combination with gravitational trapping for physico-gravitational trapping (PGT). Marine

sediment reservoirs must also accommodate su�cient CO2 injection rates, which under homoge-

neous permeability conditions also requires that the sediments be thick and permeable, but such

characters are uncommon in most deep-water settings [34, 35]. We further show that these con-
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straints can be relaxed through heterogeneity-induced trapping, such that marine sediments in much

shallower seas can be viable CO2 storage options.

2. Materials and Methods

2.1. Characteristics of the Gulf of Mexico (GOM) Sites

We chose sediment and 
uid data from four sites located in GOM (see Fig. 1(a)). Several

investigations into marine sediments have been conducted at the four selected sites [42]. At the

Alminos Canyon site, the Oligocene sediments have high porosity (0.28-0.34) and permeability (0.1-

3 D) [43]. At Bullwinkle, sediments mainly contain interconnected sheet and channel sands with

an average porosity and permeability of 0.33 and 2.4 D, respectively. In the Ursa Basin, horizontal

permeability of the Ursa Siltstone is estimated at around 0.001 D [42], while the corresponding

vertical permeability is about one to two orders of magnitude smaller. At the Eugene Island

site, a thick sequence of shale is overlain by increasingly sand-rich sediments. Laboratory core

measurements yield a range of permeabilities from 0.0002 to 8 D, while the corresponding porosities

range from 0.16 to 0.35 [44]. Using permeability and porosity data form the sites, we developed a

�rst-order log-linear relationship between porosity and horizontal permeability based on data from

these four sites (Fig. 1(b)):

� = 0:11 + 0:078log10k (1)

where � is porosity and k is horizontal permeability. Eq. 1 and the estimated coe�cients are used

to populate the reservoir models with petrophysical properties that represent the GOM sediments.

Studies of the geothermal features of the northwestern GOM continental slope provide approximate

relation between water depth (d [m]) and sea
oor temperature (Tsf ) [45]:

Tsf [�C] = 295:1d�0:6 (2)

and a relation between the water depth and geothermal gradient (G) is [45]:

G[�C=km] = �9:6ln(d) + 88:4: (3)

Among the uncertain sediment characteristics, the vertical spatial integral scale of log-permeability

was estimated from logging data and varies from 5 to 50 m. Assuming a �xed statistical anisotropy

ratio of 100 between horizontal and vertical integral scales, the horizontal integral scale thus varies

from 0.5 to 5.0 km. The permeability anisotropy factor (ratio of vertical to horizontal permeabil-

ity) was also varied to re
ect the possible existence of small-scale sedimentary strati�cation. The

log-permeability variance was assumed to range from 0.0 (i.e., homogeneous) to 5 (i.e., highly-

heterogeneous). The side boundaries are no-
ow boundaries and the top boundary is open to 
ow.
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(a) (b)

Figure 1: Data from the Gulf of Mexico (GOM) within the U.S. Exclusive Economic Zone.(a) Site locations in the

Gulf of Mexico (GOM), (b) Permeability-porosity correlations.

The van Genuchten model with appropriate coe�cients for sediments was used for relative per-

meability functions in the CO2-water multiphase 
ow simulations [46]. The liquid CO2 di�usion

coe�cient is 10�9 m2/s [47, 48]. The numerical simulations were conducted with a �nite element

multiphase 
ow simulator, FEHM [49].

2.2. Base Cases to Demonstrate Gravitational and Heterogeneity-Induced Trapping

The Homogeneous Sediment Base Case demonstrates gravitational trapping by representing

homogeneous sediments with permeability of 1 D and vertical permeability of 0.1 D. The Hetero-

geneous Sediment Base Case demonstrates heterogeneity-induced gravitational trapping by rep-

resenting heterogeneous sediment permeability, where distributions are generated with Sequential

Gaussian Simulation with mean permeability of 1 D, log-permeability variance of 1.0, and horizontal

and vertical log-permeability integral scales of 1.0 and 0.1 km, respectively. Porosity is computed

from horizontal permeability by Eq. 1. Both Base Cases use a 1�C sea
oor temperature at a depth

consistent with prior �ndings of gravitational trapping (�2.5 km) [33, 35], and a maximum esti-

mated geothermal gradient in the GOM for depths greater than 1.2 km (20�C/km). In both cases,

the marine sediment reservoir is modeled with a two-dimensional (2D) cross-section with 500 m

thickness, 5000 m width, and a lateral length of unity. The domain size was chosen based on our

initial modeling test to make sure that the domain is large and wide enough to encompass the scale

of heterogeneity, the lateral boundaries do not impact the temporal dynamic of CO2 transport,

and numerical simulations are practically e�cient. The other parameters are provided in Table 1.

CO2 injection is simulated at a rate of 0.3 kg/s into the bottom-center of the reservoir for ten years

(94,608 metric tonnes CO2), after which CO2 transport is simulated for 200 years.
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Table 1: Parameters for Base Cases and for the distributions used in Monte Carlo (MC) simulations of CO2 storage

in the GOM sediments.

Sediment Properties
Base

Case

Sampling Characteristics

Min. Max. Distribution

Sediment thickness b (m) 500 5 900 Uniform

Mean permeability k (D) 1 0.001 8 Log Uniform

Anisotropy factor 0.1 0.01 0.5 Uniform

Log permeability variance 1.0 0.0 5.0 Uniform

Horizontal integral scale (km) 1.0 0.5 5.0 Uniform

Mean porosity, � 0.2 0.1 0.42
Correlated

to k (Eq. 1).

Physical Properties

Water depth, d (km) 2.5 0.1 4.4 Uniform

CO2 injection rate (kg/s) 0.3 0.002 2.0 Uniform

Sea
oor temperature

Tsf [�C]
2 1 20

Correlated

to d (Eq. 2).

Geothermal gradient

G (�C/km)
20 5 50

Correlated

to d (Eq. 3).
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2.3. Statistical Framework to Characterize Heterogeneities

We developed and implemented a statistical framework to characterize heterogeneities, and to

determine the e�ectiveness of the trapping mechanisms in the marine sediments with respect to

uncertainties in six key parameters in Table 1 including water depth, sediment thickness, porosity,

mean permeability, log-permeability variance, and injection rate. As in most o�shore settings,

univariate statistics and spatial distributions of these parameters are uncertain for the GOM because

data are obtained from a few locations. To generate statistical distributions that can be used to

quantify the uncertainty ranges, we used available data from four sites in the GOM (Fig. 1(a)):

Alminos Canyon, Bullwinkle, Ursa Basin, and Eugene Island.

We performed sets of Monte Carlo (MC) simulations using the distributions determined for each

key parameter. Other input parameters are the same as those in the Heterogeneous Sediments Base

Case. Each set of MC simulations is comprised of 100 samples and uses our computationally e�cient

statistical framework [50]. In each of the MC simulations, PGT is assessed through the normalized

rate of CO2 leakage from the sediment to the sea
oor, which is calculated as the percentage-by-mass

of the injected CO2 that leaks out from the top of the model.

2.4. Monte Carlo Simulations

We used Latin Hypercube in the MC simulations to sample the uncertain input parameters

and to build 1000 geostatistically-based realizations [51]. Permeability and porosity �elds of each

realization are generated with Sequential Gauss Simulation in GEOST [52]. To re
ect sediments in

near-shore to deep-water environments, the water depth was varied from 0.1 to 4.4 km, and we used

Eq. 2 and Eq. 3 to determine the distributions of sea
oor temperature and geothermal gradient.

For a given sediment thickness sampled from its distribution, the dimensions of the model and its

discretization were obtained automatically.

2.5. Global Sensitivity Analysis

We applied a computationally e�cient global sensitivity analysis technique, based on multivari-

ate adaptive regression spline (MARS) [51], to investigate the sensitivities of CO2 leakage rate to

variations in the input parameters. The MARS technique is based on computations of the variance

of conditional expectation (VCE) of an output variable (Y ):

VCE(Xk) =
1
s

sX

j=1

(Yj � Y )2 �
1
sr2

sX

j=1

rX

i=1

(Yij � Yj)2; (4)

where VCE quanti�es the variability in the conditional expected values of Y when an uncertain

input parameter (Xk) varies in the entire parameter space. For Xk, s is the number of distinct

7
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values sampled from its distribution, and r is the number of replications. N = sr is the sample

size. We used Eq. 4 to quantify and rank the sensitivities of Y to the key input parameters.

2.6. Estimated CO2 storage capacity in the GOM

We used Eq. 2 on bathymetry data to estimate sea
oor temperature (Tsf;i) ((Fig. 2(a))) and

geothermal gradient (G) ((Fig. 2(b)))for sea
oor depth of di at each location, i, within the U.S.

Exclusive Economic Zone. The temperature at depth bi in the sediment, Tb;i, was calculated as

Tb;i = Tsf;i + biG, and the pressure was calculated as Pb;i = �P (di + bi) with constant hydrostatic

pressure gradient (�P ) of 10.5 MPa/km. To determine bi, we used data on the thickness (ti) of the

sediment at each location [53]. We assumed that PGT occurs in 500 m of sediment, and estimated

Tb;i and Pb;i at the midpoint of this column, bi = 250 m, which implicitly assumes that the change

in density in the sediment is a linear function of depth. We established Eq. 5 for the density of

CO2, �CO2 , by regressing data over these ranges of Tb;i and Pb;i [54].

�CO2;i = 936:72 � 2:8194(Tb;i � T0) � 0:0004801(Tb;i � T0)2

+0:0000234(Tb;i � T0)3 + 3:6318(Pb;i � P0)

�0:052229(Pb;i � P0)2 + 0:0009794(Pb;i � P0)3

+0:03842(Tb;i � T0)(Pb;i � P0) � 0:0008558(Tb;i � T0)(Pb;i � P0)2

+0:0001023(Tb;i � T0)2(Pb;i � P0); (5)

where T0 = 335 K and P0 = 52 MPa. We estimated the density of CO2 at bi and multiplied

the results by the data in Fig. 3(f), which shows that emplaced CO2 exists in a column from

the sea
oor to a depth of approximately two-thirds of the sediment thickness (2/3bi). We then

assigned a 20% porosity and assumed that 2/3 of the area for each threshold depth was comprised

of low-permeability rocks (log-permeability < -14). As such, our capacity estimates are applicable

to 1/3 of the areas within the GOM.

3. Results

3.1. Gravitational and Heterogeneity-Induced Trapping

We present the results of Base Cases for CO2 injection into homogeneous and heterogeneous

marine sediments before presenting results from our statistical characterization of heterogeneities

and the dependence of key CO2 storage parameters on these heterogeneities. Our results for these

Base Cases are shown in Fig. 3 (left and right panels correspond to Homogeneous Base Case and

Heterogeneous Base Case, respectively). In the Homogeneous Sediments Base Case, the upward mi-

gration of CO2(l) is axisymmetrically uniform around the injection point. Further upward migration

8
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(a)

> 1.2 km

> 2.0 km

> 2.5 km

1.7 20.5
Seafloor Temperature (oC)

(b)

(c)

Geothermal Gradient (oC/km)
6.0 37.0 55,857 67,404

CO2 Storage Capacity (kg/m2)

(d)

Figure 2: Data from the Gulf of Mexico (GOM) within the U.S. Exclusive Economic Zone. (a) Estimated sea
oor

temperature, (b) Estimated geothermal gradient, (c) Areas encompassing threshold depths for physico-gravitational

trapping (PGT) in sediments with strong heterogeneity (1.2 km), weak heterogeneity (2.0 km), and no heterogeneity

(2.5 km), and (d) Estimated CO2 storage capacity in the marine sediments.
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is impeded by the negatively buoyant CO2(l) above the NBD (Figs. 3(a) and 3(b)). Gravitational

trapping in marine sediments is thus manifest by strati�ed layers of: (i) pore 
uid below the

sea
oor, (ii) higher density CO2(l) below this pore 
uid and above the NBD, and (iii) lower density

CO2(l) that is ascending from below. The pore 
uid serves as a top buoyancy cap for higher density

CO2(l), which together act as a buoyancy cap for the lower density CO2(l) in turn. During our 200

years simulation, the estimated CO2 leakage from the top of the sediment into the sea is �0.1%

of the total injected CO2. In the Heterogeneous Sediments Base Case, the sparsely-distributed,

low-permeability layers (dark blue in Fig. 3(h)) hinder the upward migration of CO2(l). In contrast

to the results for the Homogeneous Sediments Base Case, the CO2(l) in heterogeneous sediments

does not reach the sea
oor and there is no CO2 leakage into the seawater during the 200-year

simulation period (Figs. 3(e) and 3(f)). In addition to hindering the migration of emplaced CO2(l),

sediment heterogeneity results in non-uniform temperatures and temperature gradients within the

reservoir. This spatially thermal heterogeneity results from di�erences in thermal conductivities

and speci�c heats between the sediment and the pore 
uid, and produces spatially non-uniform

pro�les of CO2(l) density. For example, relative to homogeneous sediments at the same depth, the

density of the CO2(l) is lower in high permeability layers that are overlain by low permeability layers

in heterogeneous sediments. In both Base Cases, less than 5% of the total emplaced CO2 is stored

by dissolution process, and the rest is stored by gravitational and heterogeneity-assisted trapping

mechanisms.

3.2. Sediment Heterogeneity and Threshold Water Depth

The synergy between gravitational trapping and heterogeneity-induced trapping in the Base

Cases suggests that deep marine sediments have a much larger, and more secure, storage potential

than has been previously identi�ed. We sampled water depth with one set of Monte Carlo (MC)

simulations for each of three values for the variance of log-permeability to represent various degrees

of sediment heterogeneity: (1) 0.0 (homogeneous), (2) 1.0 (weakly-heterogeneous), and (3) 5.0

(strongly-heterogeneous). Our result for homogeneous sediments is consistent with prior work (e.g.,

[33]) in which gravitational trapping occurs in >2.5 km deep water. However, for shallow water

depth of 0.5 km about 80% CO2 leaks in homogeneous case. But sediment heterogeneity a�ects CO2

transport such that secure CO2 storage occurs with heterogeneity-induced trapping in sediments

in shallower seas: >2.0 km for the weakly-heterogeneous sediments, and >1.2 km for the strongly-

heterogeneous sediments (Fig. 4(a)). In strongly heterogeneous case with shallow water depth of

0.5 km about 30% of the injected CO2 leaks through the sea
oor. Therefore, careful consideration

is needed in shallower depth even in highly heterogeneous case.

10



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

(e)

! (kg/ m3)

SCO 2

(d)

(k[m2])

(h)

log

200 years200 years

200 years

(c) (g)

Homogeneous Base Case Heterogeneous Base Case

(f)
200 years

20 years
(a)
20 years

(b)
200 years

T(! C)

D
ep

th
 fr

o
m

 s
ea

flo
o

r 
(m

)
D

ep
th

 fr
o

m
 s

ea
flo

o
r 

(m
)

D
ep

th
 fr

o
m

 s
ea

flo
o

r 
(m

)
D

ep
th

 fr
o

m
 s

ea
flo

o
r 

(m
)

Figure 3: Results for Bases Cases of sediment permeability under 2.5 km deep water: Homogeneous sediments (left

4 panels) with CO2(l) saturation at (a) 20 and (b) 200 years, (c) CO2(l) density, and (d) sediment temperature.

Heterogeneous sediments (right 4 panels) with CO2(l) saturation at (e) 20 and (f) 200 years, (g) CO2(l) density, and

(h) heterogeneous log-permeability �eld.
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(a) (d)(c)(b)
weakly-heterogeneous

strongly-heterogeneous

homogeneous

Figure 4: Physico-Gravitational Trapping as indicated by Normalized Leakage Rate (percentage-by-mass of the

injected CO2(l) that leaks out from the top of the model) from the sediment to the seawater. E�ect of (a) seawater

depth with variance of 0 representing the homogeneous case, (b) sediment thickness, (c) mean permeability, and (d)

injection rate. Panels (b) to (c) show results for weakly heterogeneous sediment and water depth of 2.5 km.

3.3. Injection Rate and Threshold Sediment Thickness and Mean Permeability

We investigated the e�ect of three injection rates (0.2, 0.02, and 0.002 kgCO2/s) in weakly-

heterogeneous sediments and water depth of 2.5 km by sampling sediment thickness and mean

permeability for each injection rate. A total of six sets of MC simulations were conducted. In the

reservoir model with 1 m lateral length, PGT occurs when the sediment is >400 m thick for an

injection rate of 0.2 kgCO2/s, >210 m thick for a 0.02 kgCO2/s, and >90 m thick for an injection

rate of 0.002 kgCO2/s (Fig. 4(b)). As the injection rate increases, the sediments must be thicker

to accommodate the CO2 that accumulates on either side of the NBD. Our results suggest that the

threshold sediment thickness for PGT roughly doubles for every order of magnitude increase in the

injection rate.

As shown in Fig. 4(c), PGT occurs when the mean permeability is >10�14 m2 for an injection

rate of 0.2 kgCO2/s, and at a smaller mean permeabilities (�10�15 m2) for the lower injection rates.

Since porosity is positively correlated with permeability (see Eq. 1 in the Materials and Methods

section), the corresponding minimum mean porosities are 0.18 (for 0.2 kgCO2/s), and 0.10 (for 0.02,

and 0.002 kgCO2/s). These results suggest that a minimum mean permeability and mean porosity

are necessary for secure CO2 storage in marine sediments, and more CO2 can be stored with higher

permeabilities and porosities.

3.4. Sensitivity to Injection Rate

Using the parameters for the Heterogeneous Sediments Base Case, we sampled the CO2 injection

rate in one set of MC simulations. PGT occurs for injection rates below 0.325 kgCO2/s (Fig. 4(d)).

The CO2 injectivity in three dimensions can be approximated by multiplying this threshold rate

by a realistic lateral length for a reservoir. For example, in a reservoir with a 500 m lateral

length, PGT occurs for a CO2 injection rate below 162.5 kg of CO2/s (�5 MtCO2/yr) (close to the

injection rate used in some CO2 pilot projects such as Cran�eld, Mississippi [13, 55]). Moreover, the
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Figure 5: The computed sensitivity index of the normalized CO2 leakage rate (percentage-by-mass of the injected

CO2(l) that leaks out from the top of the model) for each uncertain input parameter that was varied in the global

sensitivity analysis.

maximum injection rate that enables PGT increases in deeper water, thicker sediments, or higher

mean permeabilities (and porosities). In the GOM, the Alminos Canyon and Ursa Basin sites are

deeper than 2.0 km, and have sediments that are at least weakly-heterogeneous (log-permeability

variance >1.0 in the data). As such, these sites may have the capacity for securely storing CO2 in

the marine sediments with PGT for high CO2 injection rates.

3.5. Sensitivity Analysis

We investigated the sensitivities of CO2 leakage rate to variations in the input parameters (Table

1), as described in Section 2.5 . Detailed global sensitivity analyses on the key, yet uncertain, CO2

storage parameters in marine sediments are shown in Fig. 5. Our results reveal that PGT is most

sensitive to (in decreasing order): permeability anisotropy, CO2 injection rate, seawater depth,

sediment thickness, variance in permeability, and mean permeability, followed by parameters that

are correlated with some of these items: mean porosity (correlated with mean permeability), and

sea
oor temperature and sea
oor pressure (both are correlated with depth). Larger permeability

anisotropy has the strongest control on CO2 leakage resulting in a faster CO2 transport in vertical

direction, which in turn, leads to higher CO2 leakage. Higher CO2 injection rate leads to faster

CO2 transport in both high and low permeability media resulting in higher rate of leakage.
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4. Implications and Concluding Remarks

We investigated CO2 storage in heterogeneous marine sediments as a function of several key, yet

uncertain, parameters. We found that variance in sediment permeability and porosity deters CO2

migration and leakage through the sea
oor, and heterogeneity-induced trapping can be achieved in

a marine sediments in sea depths of 1.2 km, which is roughly half the depth that is necessary for

gravitational trapping. Heterogeneity-induced trapping can also enhance gravitational trapping at

the depths where it occurs.

These results suggest the potential for substantial revisions to prior assessments of the resource

potential for secure CO2 storage. In the GOM alone, with homogeneous sediments the sea must

be at least 2.5 km deep, and there are 133,440 km2 in which a total of 2,935.7 Gt of CO2 can be

stored by gravitational trapping. If the sediments are weakly heterogeneous, the marine sediment

storage potential increases to more than 3,734.2 Gt of CO2 in the 169,738 km2 of 2.0 km or

deeper water (about 30% higher than the homogeneous case). Further, if the sediments are highly

heterogeneous, an estimated 5,437.8 Gt of CO2 can be stored in marine sediments in the 244,702

km2 with the sea depths greater than 1.2 km (about 85% and 46% higher than the homogeneous

and weakly heterogeneous cases, respectively) (Table 2 and Fig. 2(e)). The ability of heterogeneous

sediments to provide secure CO2 storage increases the quantity of CO2 that could be stored at a

given location, and provides opportunities for CO2 storage that are closer to the shore and many

sources of CO2. Our results also provide guidance for thresholds of important operational and

physical parameters for planning and deploying CO2 storage in marine sediments. As sediment

heterogeneity increases, the threshold depth for heterogenity-induced trapping decreases. Higher

injection rates require thicker sediments and higher mean permeabilities, but injection rates that

are greater than those in existing onshore and o�shore projects can be accommodated by realistic

mean permeabilities and reservoir sizes. Variations in sea
oor depths and sediment thicknesses

at actual locations where CO2 storage in marine sediments may be deployed will also a�ect the

amount of CO2 that can be emplaced. For example, in our case study, the greatest estimated CO2

storage capacity exists in the deeper water o�shore of Florida, in the eastern GOM (Fig. 2(e) and

Fig. 2(f)). Even though the sediments are thinner than in the other parts of the GOM, the higher

density of the emplaced CO2 results in higher estimated storage capacities. Other factors such

as geomechanical and geochemical considerations, deformation due to CO2 injection, and impacts

of background 
ows are likely to revise the threshold water depths and estimated capacities for

secure CO2 storage in marine sediments with heterogeneity-induced and gravitational trapping

mechanisms. We are, however, able to conclude that a far greater areal extent may be available

for the secure o�shore CO2 storage than has been previously proposed, owing to the impact of

sediment heterogeneity on CO2 migration, and the likely reduction in overall costs associated with
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Table 2: Summary of threshold values for Physico-Gravitational Trapping (PGT) in marine sediments (also see Fig.

2(c and d)).

Log-permeability variance

0.0 1.0 5.0

Threshold depth (km) >2.5 >2.0 >1.2

Storage area (km2) 133,440 169,738 244,702

Storage capacity (GtCO2) 2935.7 3734.2 5437.8

CO2 Injection Rate (kg/s)

0.2 0.02 0.002

Threshold sediment thickness (m) >400 >210 >90

Threshold mean permeability (m2) >10�14 >10�15 >10�15

much shallower emplacement targets. We hope that our results provide optimism to develop future

studies on CO2 storage in marine sediments. We also hope that future laboratory and �eld scale

data do become available that support self-sealing gravitational trapping mechanisms in marine

sediments. There are certainly technologies that may provide more data about injected CO2, and

we hope that our work motivates their use in marine sediments. For instance, long-term deployment

(years) of seismic tomography may be able to directly image the CO2 plume in marine sediments

in the future.
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