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Abstract:
Large volumes of carbon dioxide (CO2) captured from carbon emission source can
be stored in deep saline aquifers as a mean of mitigating climate change. The deep
saline aquifers are naturally heterogeneous at multiple scales. It is important to generate
representative multiscale heterogeneous fields of various hydrogeologic properties and
understand storage safety by studying CO2 migration and distribution in such fields. In this
work, a new multiscale heterogeneous model with partly fine multi-facies heterogeneous
domain is proposed. A method based on transition probability theory is referred to establish
a multi-facies model. A new multiscale heterogeneous model with partly fine multi-facies
heterogeneous domain is built up according to the categorized permeability data obtained
from the Geological Carbon Storage Frio site in USA. TOUGH2/ECO2N is applied to
simulate CO2 migration and distribution in such a multiscale heterogeneous model. The
CO2 plume shows obvious viscous fingering and non-uniform migration both in layered
and vertical directions, implying vertical and horizontal heterogeneity which cannot be
represented by a single-scale model or simulated with the assumption of homogeneous
formation. The profile of CO2 migration shown in the numerical simulation at a time
of 10 days is in a good accordance with the seismic data of Frio situ in qualitative and
quantitative aspects.

1. Introduction
Carbon dioxide (CO2) geological storage is an efficient

way to alleviate global warming (IPCC, 2005; Soeder, 2021).
Depleted oil and gas reservoirs, un-mineable coal seams,
and deep saline aquifers are among the primary candidate
formations for Geological Carbon Storage (GCS), and deep
saline aquifers are currently recognized as the storage site
with great storage potential (Bachu and Adams, 2003; Pacala
and Socolow, 2004). Understanding of the migration and
distribution of CO2 in deep saline aquifers is the basis for
ensuring the efficiency and safety of CO2 storage.

Due to the discontinuity of the stratum deposition pro-
cess, the deep saline aquifers are naturally heterogeneous
(Koltermann et al., 1996; Slatt, 2006). Efforts have been
made for evaluating CO2 migration in heterogeneous deep

saline aquifers located in various places: Kimberlina site in
the Southwestern of California in USA (Birkholzer et al.,
2009a, 2009b; Doughty et al., 2010), Frio site in Texas
(Hovorka et al., 2004), In Salah site in Algeria (Cavanagh
et al., 2011), Ketzin site in Germany (Ivandic et al., 2012),
and Northern Quebec site in Canada (Teodoru et al., 2011).
Heterogeneity of geologic reservoirs has profound effects on
the migration of injected CO2. Deng et al. (2012) proposed
that heterogeneity in porosity and permeability of geologic
reservoirs has a strong influence on CO2 injection rate, CO2
plume migration, storage capacity, potential leakage, and risk
assessment. Conventional simulation methods based on the
assumption of homogeneous formations (Nordbotten et al.,
2005; Ronald et al., 2012; Oruganti et al., 2013; Raza et al.,
2015) may lead to misevaluation of the storage efficiency and
safety. How to characterize the heterogeneity of sedimentary
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reservoirs is the key to study the law of CO2 migration under
the effect of heterogeneity.

The methods for characterizing reservoir heterogeneity can
be roughly divided into two categories. One is to directly as-
sign hydrogeological parameters to each unit in the simulation
area through field drilling data. For example, Doughty (2010)
matches the formation porosity and permeability parameters
obtained on site to a numerical model to simulate the distribu-
tion characteristics of CO2. Due to the limited drilling data on
site, it is difficult to obtain measured parameters covering the
entire study area. Therefore, a second method to characterize
the formation heterogeneity is based on the on-site measured
parameters, and the distribution field of global hydrogeological
parameters is generated through random theory.

The porosity that characterizes the pore characteristics of
storage media generally has the nature of volume average. The
pore microstructure of underground porous rock formations
can generally be reconstructed by log-normal distribution
function number (Sahimi et al., 1991; Berkowitz et al., 1992;
Sardini et al., 2006; Panja et al., 2021). Liu et al. (2010) apply
log-normal distribution of random porosity to characterize
the deep saline aquifer with heterogeneous structure in order
to simulate the injection and distribution of carbon dioxide.
Subsurface heterogeneity is controlled by the spatial variation
of sedimentary facies types, facies are geometric features of
rocks whose differentiation provides a useful framework to
characterize heterogeneity (Soltanian et al., 2014). The com-
monly used method is to apply standard geophysical methods
to generate random distributions of porosity or permeabil-
ity, include a variogram approach using Sequential Indicator
Simulation and a geo-statistical approach using Sequential
Gaussian Simulation (Flett et al., 2007), random fields of log
permeability are generated with the GSLIB software (Deutsch
and Journel, 1998; Jahangiri et al., 2011; Basirat et al., 2016;
Ren et al., 2018). The approach using transition probability
based method has been adopted by many researches to create
synthetic distributions of facies types, which provides a feasi-
ble way to represent the facies architecture using fundamental
observable attributes such as volumetric proportion, mean
lengths, and juxtaposition tendency (Carle, 1999). Doughty
et al. (2004) uses transition probability theory to construct
multiple two-dimensional stochastic representations of each
depositional setting consistent with its idealized representation.
Deng et al. (2012) develops a methodology that applies a
transition probability based Markov chain model to gener-
ate facies-based heterogeneous fields of reservoir, and reveal
the influence of reservoir heterogeneity on storage capacity,
injection capacity, and leakage. The typical fluvial structure
is well-captured by the transition-probability/Markov chain
approach (Yang et al., 2020). Ershadnia et al. (2020) applies
this method to simulate heterogeneous systems with binary
facies distributions and the resulting petrophysical properties
at the field scale, heterogeneous facies models are used to
investigate the sensitivity of different trapping mechanisms as
well as CO2 plume dynamics to different variability.

However, the heterogeneous models based on transition
probability theory mentioned above are mostly limited to
single scale (mostly site-scale). The comprehensive assessment

of CO2 geological storage needs to calculate the coupling
process at multi-scales. Middleton et al. (2012) defines the
processes relevant at these scales: sub-pore scale (Å-10 nm),
pore scale (10 nm-10 cm), CO2 reservoir scale (10 cm-100
m), site scale (100 m-10 km), and region scale (10 km-1
Mm). Zhou et al. (2010) defines the plume scale (on the
order of less than 100 km2), and the basin scale (on the order
of several 100,000 km2). Recent studies have investigated
the multi-scale conceptual models: Ramanathan et al. (2010)
develops a geometric-based simulation methodology to model
the hierarchical sedimentary architecture in braided channel
belt deposits, the geologic model is a multi-scale complex
representation of a fluvial architecture, which consists of
several facies types spanning from the cm to the hundred
meter scale (Soltanian et al., 2017). A number of recent
studies adapte the method of Ramanathan et al. (2010) to
create conceptual and quantitative models for sedimentary
architecture in fluvial deposits over a range of scales that
are relevant to CO2 injection and storage. These studies
cover several trapping mechanisms that control the fate and
transport of injected CO2. Gershenzon et al. (2015, 2017a)
adapt this method investigate capillary trapping in heteroge-
neous fluvial-type reservoirs, and show that snap-off trapping
exists in heterogeneous reservoirs even during the injection
period. Soltanian et al. (2017) perform simulations of three-
dimensional (3D) heterogeneous formations, which focus on
the importance of facies-based heterogeneity and connectivity
on advection-diffusion transport of dissolved CO2. Gershenzon
et al. (2017b) analyze the sensitivity of capillary trapping and
dissolution to the variability in basic petrophysical parameters
and rock composition in highly heterogeneous fluvial-type
reservoirs. More comprehensively, Soltanian et al. (2019)
conducts detailed numerical simulation studies that consider
advection, dispersion, geo-mechanic, dissolution, convective
mixing, and reaction coupled processes in fluvial depositional
system. It is worth noting that the grid-cell size is defined
by the characteristic size of the smallest scale facies types
in this multi-scale heterogeneous model, since larger grid-cell
sizes cannot capture the small-scale heterogeneities. Therefore,
there is a trade-off between the grid-cell size and the domain
size to make the problem computationally feasible (Soltanian
et al., 2017).

In this study, an approach that applies the transition prob-
ability based Markov chain model is developed to generate
facies-based multiscale heterogeneous model (Section 2). In
the following sections, a multi-phase flow simulations in the
Frio brine pilot is presented in Section 3. The simulation
results is described in Section 4, while the conclusion is
presented in Section 5.

2. Methodology

2.1 Heterogeneity model
We use the Transition Probability Geostatistical Software

(T-PROGS) developed by Lawrence Livermore National Labo-
ratory to establish a random multi-facies heterogeneous struc-
ture feature model (Carle, 1999). The software is based on
the delay theory and takes into account the spatial cross-
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Fig. 1. The generation process of random multi-facies heterogeneous model.
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Fig. 2. Single-scale heterogeneity models, (a) single-scale interlayer heterogeneity model, (b) single-scale multi-facies heterogeneity model.

correlation of geological bodies which lead to more repro-
ducible performance process. As shown in Fig. 1, typically,
there are four steps to build up a random multi-facies hetero-
geneous model.

Firstly, categorize the given data of hydrogeologic param-
eter and compute the transition probabilities. (1) Set a value
of lag or spatial dependency and relative thicknesses of the
facies. (2) Record the succession of facies occurrences under
a lag ∆hz. (3) Tally up the transition rate matrix. (4) Divide
each row by the row sum to obtain the transition probability.

Secondly, develop the continuous-lag Markov chain models
(Carle, 1999) and obtain the measured transition probabilities
of all grid blocks. (5) Obtain different transition probability
matrix as a discrete-lag form with different lag ∆hz. (6)
Convert the discrete-lag form to the continuous-lag form
by computing the transition rate matrix. (7) Obtain the 3D
continuous-lag Markov chain model.

Thirdly, generate simulated transition probabilities along
a random path of all grid blocks using the sequential indi-
cator simulation algorithm (Deutsch and Journel, 1998). (8)
Generate a random path through all centers of grid blocks.
(9) Calculate conditional probabilities with given data and put
them into a collection. Start from the first center of grid block
in the random path. Compute the local conditional probability

by formula (7), which is simulated transition probability when
facies k occurs at the first grid block. (10) Add the new
simulated value to the conditional probabilities collection.
Compute the local conditional probability of the second center
of grid block in the random path. Repeat cycle along the
random path until local conditional probability of each grid
block is obtained.

Finally, minimize the objective function by applying the
simulated quenching algorithm (Carle, 1999) and obtain the
optimum facies for each grid block.

2.2 Multi-scale multi-facies heterogeneous model
In the study of site-scale carbon dioxide storage, the

establishment of a complete heterogeneous structure model has
higher requirements for on-site measurement data. We propose
that under the condition of limited data, in order to make the
established model as close as possible to the characteristics
of on-site stratigraphic distribution, the local important re-
gions of single-scale interlayer heterogeneity or multi-facies
heterogeneity (Fig. 2) can be further subdivided, thus the
multi-scale multi-facies heterogeneity structure model can be
obtained. According to site hydrogeologic characterization,
three multi-scale heterogeneity models can be established:
(a) multi-layered heterogeneous model including multi-facies
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Fig. 3. Three types of multi-scale heterogeneity models, (a) multi-layered heterogeneous model including multi-facies heterogeneous model, (b) multi-facies
heterogeneous model including multi-facies heterogeneous model, (c) multi-facies heterogeneous model including multi-layered heterogeneous model.

heterogeneous model, (b) multi-facies heterogeneous model
including multi-facies heterogeneous model, and (c) multi-
facies heterogeneous model including multi-layered heteroge-
neous model (as shown in Fig. 3).

3. Multi-phase flow simulations in Frio Brine
Pilot

A multiscale heterogeneous model with partly fine multi-
facies heterogeneous domain is built up with parameters
obtained from the CCS pilot site in Frio, USA. The Frio project
is located in the southeastern part of Houston, Texas, USA,
close to most carbon dioxide emission sources. In 2004, the
Frio I pilot program conducted the first CO2 injection of about
1,600 tons in 10 days, which was carried out into the upper
C-sand of the Frio Formation at a depth of 1,528.5-1,534.7 m
(Hovorka et al., 2006).

3.1 Rock properties
The Frio saline aquifer has a thickness of about 60 m and

a dip of about 18°. In the vertical direction, it shows a multi-
layer structure with a sandstone layer A (8 m), a clay layer
(6 m), a sandstone layer B (12 m), a clay layer (10 m) and a
sandstone layer C (24 m) from top to bottom, the sandstone
layer C is the target storage layer for CO2. In each layer,
a multi-facies structure with an uncertain spatial distribution
of porosity and permeability is presented. The injection well
locates at the top of the sandstone layer C with a length of 5.5
m. Fig. 4 shows the vertical layered structure of the Frio site.
Fig. 5 shows the porosity and permeability in the sandstone
layer C. Fig. 6 presents the capillary pressure curves measured
in sandstone and clay.

At the Frio site, the porosity of sandstones ranges from
0.23 to 0.35, and the permeability of sandstones ranges from
0.2 to 3.7 D (1 D = 1× 10−12 m2) . The averaged porosity
and permeability of clay are 0.14 and 0.001 D, respectively.
According to these properties, the four-facies formation can
be divided into more facies. As a result, a multiscale hetero-
geneous model can be established.

3.2 Frio multiscale heterogeneous model
The Frio multiscale heterogeneous model can be obtained

by inserting random multi-facies models of special domain
into a multilayer model (as show in Fig. 3(a)). This model
has a dimension of 800 m × 400 m × 60 m containing a 200
m × 200 m × 16.5 m partly fine multi-facies heterogeneous
domain (as shown in Fig. 7). The multiscale and multi-facies
heterogeneous 3D model is divided into 70,000 units. Along
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Fig. 5. Hydrogeological parameters in Frio site (Doughty et al., 2005), (a) porosity in sandstone C, (b) permeability in sandstone C.
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Fig. 6. Capillary pressure curves measured in sandstones and clay (Sakurai et al., 2005), (a) sandstones A and B, (b) clay, (c) sandstone C.
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the x-axis direction, the grid is divided into 50 units, of which
40 units are finely divided in 200 m area (with unit size of 5
m), and 10 units in other areas (with unit size of 20 m). Along
the y-axis direction, the grid is divided into 70 units, of which
40 units are finely divided in 200 m area (with unit size of
5 m), and 30 units in other areas (with unit size of 20 m).
Along the z-axis, the grid is divided into 20 units. According
to the classification of lithofacies, the unit sizes from top to
bottom are 3.5 m, 3.5 m, 1.0 m, 6.0 m, 3.5 m, 5.5 m, 3.0 m,
4.0 m, 2.0 m, 1.0 m, 1.5 m, 1.5 m, 0.5 m, 1.0 m, 2. 5 m,
5.0 m, 5.0 m and 5.0 m respectively. The facies distribution
in some X −Y and X −Z cross sections are given in Sections
3.2.1 and 3.2.2.

3.2.1 Multiscale in vertical direction

In the vertical direction, a multiscale model with the
dimension of 60 m × 800 m is established (as presented in
Fig. 8). Firstly, a multilayer model is built up, as shown in Fig.
8(a). The sandstone layer A is divided into three sublayers with
three facies, i.e., A1 (3.5 m), A2 (3.5 m) and A1 ( 1m). The
sandstone layer B is divided into three sublayers with three
facies, i.e., B1 (3.5 m), B2 (5.5 m) and B3 (3 m). As the
injection well locates at the top 5.5m of the sandstone layer
C, fine grids are applied in this zone. The sandstone layer
C is divided into seven sublayers with six facies, i.e., C1 (1
m), C2 (1 m), C3 (1.5 m), C2 (1.5 m), C4 (0.5 m), C5 (1
m) and C6 (17.5 m). The Clay layers distribute between the
sandstones layers. The injection well is 300 m away from the
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left boundary of the model.
Secondly, the local 16.5 m × 200 m area near the injection

well is further subdivided, as shown by the dotted line in
Fig. 8(b), in order to generate a local layered structure nested
with multi-facies structure. Use the method based on the
transition probability theory to perform random multi-facies
characterization of the layers that need to be refined (detailed
in the next section), combine the random multi-lithographic
layers and intercept one of the longitudinal planes to obtain
the nested multi-facies structure.

3.2.2 Multiscale in layer direction

Random local multi-facies models for important layers are
established, such as the clay layers, C1, C2, C3, C4 and C5
layers. These models have the dimension of 200m × 200m
with an injection well in the center. The dimension of each
grid block is 5 m × 5 m. The method based on transition
probability theory which is introduced in Section 2 is applied
here. The other domain of each layer is set by single facies,
and its element dimension is 20 m × 5 m.

For the clay layer, from sublayer (1) to (3), it is divided
into three facies according to the category of permeability.
The lowest 88% is called facies 1, the middle 10% is called
facies 2, and the highest 2% is called facies 3. Three different
structures are created using a Markov Chain model and
indicator simulation with quenching in T-PROGS. The facies
distribution in each sublayer is shown in Fig. 9.

For the sandstone layer C, from sublayer (1) to (6), it is
also divided into three facies with the category of permeability.
In layer (1), the lowest 40% is called facies 1, the middle
52% is called facies 2, and the highest 8% is called facies
3. Similarly, permeability values are divided into three groups
from small to large in layer (2)-layer (6) (layer (2): 35%, 47%,
18%; layer (3): 39%, 46%, 15%; layer (4): 35%, 47%, 18%;
layer (5): 36%, 46%, 18%; layer (6): 36%, 50%, 14%). The
Facies distribution in each sublayer is shown in Fig. 10.

3.3 Modeling approach
We use TOUGH2/ECO2N to simulate CO2 migration

and distribution in such a multiscale heterogeneous model.
TOUGH2 is a numerical simulator for non-isothermal flows of
multicomponent (Pruess, 1999), and ECO2N is a fluid property
module for the TOUGH2 simulator that was designed for
applications to geologic sequestration of CO2 in saline aquifers
(Pruess, 2005).

The total simulation time is specified as 100 days, with
additional results generated at times of 10 days and 30 days.
The dip of this aquifer layer is about 18°. CO2 is injected
uniformly at a constant rate of 1.85 kg/s (Corresponding to
site CO2 injection of 1,600 tons in 10 days). The top and
bottom boundary of this aquifer in z-direction are no-flow
boundaries. The lateral boundaries in both x-direction and y-
direction are constant pressure boundaries. Main parameters
in the multiscale heterogeneous model are given in Table 1.

(a) (b) (c)

Fig. 9. Facies distribution for fine part in clay layers from (1) to (3), (a) facies distribution for layer (1), (b) facies distribution for layer (2), (c) facies
distribution for layer (3)

(a) (b) (c)
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(d) (e) (f)

Fig. 10. Facies distribution for fine part in sandstone C layers from (1) to (6), (a) facies distribution for layer (1), (b) facies distribution for layer (2), (c)
facies distribution for layer (3), (d) facies distribution for layer (4), (e) facies distribution for layer (5), (f) facies distribution for layer (6).

Table 1. Hydrogeologic parameters and initial conditions.

Facies
(Kharaka et al., 2009)

Properties
(Doughty et al., 2005)

Parameters in relative
permeability function
(Sakurai et al., 2005)

Parameters in capillary
pressure function
(Sakurai et al., 2005)

Initial conditions
(Hovorka et al., 2006)

Sandstone A1 k = 0.33 D, φ = 27%

m = 0.457, Slr = 0.20,
Sgr = 0.20, Sls = 1

m = 0.457, Slr = 0.15, p0 = 50 Pa,
pmax = 100 kPa, Sls = 0.999

p = 15 MPa,
T = 55°C,
Sgas = 0%,
XNaCl = 3.2%

Sandstone A2 k = 0.285 D, φ = 25%

Sandstone B1 k = 0.40 D, φ = 26%

Sandstone B2 k = 0.358 D, φ = 25%

Sandstone B3 k = 0.28 D, φ = 26%

Clay k = 0.001 D, φ = 14% m = 0.557, Slr = 0.40,
Sgr = 0.05, Sls = 1

m=0.557, Slr = 0.35,
p0 = 3500 Pa, pmax = 100 kPa,

Sls = 0.999

Sandstone C1 k = 2.8 D, φ = 35%

m = 0.4, Slr = 0.06,
Sgr = 0.05, Sls = 1

m = 0.4, Slr = 0.05, p0 = 7 Pa,
pmax = 10 kPa, Sls = 0.999

Sandstone C2 k = 2.0 D, φ = 33%

Sandstone C3 k = 2.4 D, φ = 34%

Sandstone C4 k = 3.75 D, φ = 36%

Sandstone C5 k = 0.15 D, φ = 25%

Sandstone C6 k = 0.8 D, φ = 30%

In Table 1, k[-] and φ [-] are the permeability and porosity
of each facies type, respectively. The relative permeability and
capillary pressure were to be calculated from a van Genuchten
function (van Genuchten, 1980), where m[-] is the pore size
distribution index for the van Genuchten model, Slr[-] is
residual liquild saturation, Sgr[-] is residual gas saturation, Sls[-
] is liquid saturation when liquid is saturated, p0[-] is air entry
pressure, pmax[-] is input absolute value of maximum capillary
pressure. As for the initial conditions of the formation, p[-] is
pressure, T [-] is temperature (isothermal throughout), Sgas[-]
is gas saturation, XNaCl[-] is salinity of saline aquifers.

4. Results and discussion

4.1 CO2 migration and distribution in Y −Z
section

Fig. 11 shows the CO2 plume at different times in a
Y − Z cross section that contains the injection well. The
characterization of the CO2 plume is presented by the gas-

saturation distribution.
As shown in Fig. 11, when CO2 is injected into such a

multiscale heterogeneous formation, it migrates mainly in the
high permeable region, only a limit amount penetrates into the
low permeable region. Since the sublayer (1) and layer (5) in
the sandstone layer C are much more permeable than the other
layers, the CO2 plume presents obvious viscous fingering in
the vertical direction. The phenomena occur in the initial stage
of CO2 injection, as shown in Fig. 11(a). CO2 then migrates
upward and gathers under the layer with lower permeability
because of buoyancy. The shape of the CO2 plume is similar
to a funnel. In the process of upward migration, the viscous-
fingering flow gradually disappears and CO2 is trapped in
local high permeable rock, as seen in Fig. 11(c). This process
cannot be represented with the assumption of homogeneous
formation. Values of permeability of over lain clay layer and
sandstone C are quite different. CO2 plume shows obvious
viscous fingering flow in the vertical direction since the clay
layers are partly finer categorized. This cannot be simulated
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(a) (b) (c)

Fig. 11. Contour of gas saturation in Y −Z section with injection well, (a) contour at time of 10 days, (b) contour at time of 30 days, (c) contour at time of
100 days.

(a) (b) (c)

Fig. 12. Contour of gas saturation in X −Z section with injection well, (a) contour at time of 10 days, (b) contour at time of 30 days, (c) contour at time of
100 days.

when a single scale is considered. Besides, the CO2 plume
distributes unevenly in a wide range due to the Y −Z section
has a dip of 18◦, which would be different if the section
is horizontal. Reservoir dip affects CO2 migration in brine
(Kumar et al., 2005).

4.2 CO2 migration and distribution in X −Z
section

Fig. 12 shows CO2 plume at different times in an X −Z
cross section which contains the injection well. The charac-
terization of the CO2 plume is presented by the gas-saturation
distribution.

As time goes through, CO2 migrates upward and collects
gathers under the low-permeability layer because of buoyancy.
The shape of the CO2 plume is similar to a funnel. In the
process of upward migration, CO2 migrates advancely in a
higher permeable rock. Values of permeability of over lain clay
layer and sandstone C are quite different. The plume shows
an obvious viscous fingering flow in the vertical direction
because the clay layers are partly finer categorized. It cannot
be simulated when single scale is considered.

4.3 CO2 migration and distribution in X −Y
section

Fig. 13 shows CO2 plume at different times in part of X−Y
sections in layer (1) and layer (5) which contains the injection
well.

As shown in Fig. 13, CO2 migrates radially in each layer
from the injection well located in the center. These parts
of every layer are partly multi-facies according to the finer
category of permeability. CO2 migrates advancely in higher
permeable rock while penetrates little into lower permeable
rock. As a result, CO2 is trapped in local high permeable rock
from 150 to 250 m in the x direction and from 300 to 400 m
in the y direction, as shown in Figs. 13(a)-13(e), which show
high gas saturation. It cannot be simulated when single scale is
considered. Besides, CO2 plume distributes unevenly in wide
range because of buoyancy as these X −Y sections have a dip
of 18◦. It would be different if these sections are horizontal.
However, the development of deposit rocks’ sediment is not
horizontal in natural.

As time goes through, the CO2 plume becomes bigger in
layers (1)-(4) (as shown in Figs. 13(a)-13(c)) but smaller in
layer (5). That is because the permeability of layer (5) (as
shown in Figs. 13(d)-13(f)) is the highest of all these five
layers, and CO2 migrates more quickly from this layer to
others under the force of buoyancy.
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Fig. 13. (a) contour at time of 10 days in layer (1), (b) contour at time of 30 days in layer (1), (c) contour at time of 100 days in layer (1), (d) contour at
time of 10 days in layer (5), (e) contour at time of 30 days in layer (5), (f) contour at time of 100 days in layer (5).

4.4 Comparison of different modeling works and
seismic data

Crosswell and vertical seismic profile are adopted to mon-
itor the CO2 distribution using two boreholes. The purpose of
the crosswell survey is to estimate the CO2 saturation between
the wells (Daley et al., 2008). Fig. 14 shows a detailed view
of CO2 saturation near the boreholes based on the crosswell
survey. In this section, the important part of Fig. 11(a) is
examined in detail, as shown in Fig. 15, and compare it with
seismic data of the Frio situ.

Both modeling results and time-lapse tomographic imaging
show that the CO2 plume change follows the dip of the
stratigraphy due to buoyancy causing up-dip migration. Fig.
14 shows an obvious velocity change on the right half of
the tomogram, implies that the lower part of the plume has
higher saturations. One possible reason is the presence of a
low permeability zone in the center or upper part of the plume,
implying vertical heterogeneity (variation in permeability or
porosity). As presented in Fig. 15, our simulation results
successfully captured the non-uniform migration of CO2 in C-
sand, and an obvious fingering phenomenon occurred in the
lower part of the CO2 plume. On the contrary, the traditional
single-scale interlayer heterogeneity model is difficult to cap-
ture this migration feature (Fig. 16) (Doughty et al., 2008).

As shown in Fig. 16, The red line shows the location
of the low vertical permeability layer that bounds the high-
permeability sand above it. The CO2 plume does not break
through the top of the C-sand and not reach the low-vertical

permeability layer, which is different from the observations on
site (Fig. 14). As shown in Fig. 14, both the clay layer and
the low permeability sandstone C layer have a small amount
of CO2 intrusion, the simulation results using the multi-scale
model proposed in this paper (multi-layered heterogeneous
model including multi-facies heterogeneous model) also cap-
ture this migration feature, as presented in Fig. 15.

Quantitatively, we compare the changes in saturation in the
observation well (it is about 30 m away from the injection
well in the Y direction in our model) calculated from the
reservoir saturation tool (RST) to the modeled saturation in
the same well (Fig. 17). Clearly, much better agreement was
achieved between field data and our simulation results than
simulation results by Ghomian et al. (2006). The maximum
CO2 saturation of the observation well is between 0.4 and
0.5. Regarding the shape of the curve, the CO2 saturation has
a double zigzag in the longitudinal direction.

5. Conclusions
In this study, a homogenous model is firstly divided into a

multi-layered one with different facies categories with the spa-
tial distribution of permeability obtained from the CCS pilot
site in Frio. Then each important layer near the injection well
is divided into a random multi-facies one by further assorting
layered category. A method based on transition probability
theory is proposed to build up the random multi-facies models.
Thus, a new multiscale heterogeneous model with partly fine
multi-facies heterogeneous domain is established to study CO2
migration and distribution.
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Fig. 14. Time-lapse tomographic imaging did map changes in P-wave velocity due to the CO2 plume (modified from Daley et al. (2008)).
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Fig. 15. CO2 migration with numerical simulation numerical at a time of 10 days.
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Fig. 16. Simulation results of the free-phase CO2 plume in the vertical cross-section (Doughty et al., 2008).
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Fig. 17. Comparison of CO2 saturation profile between values calculated
from RST logs (Freifeld et al., 2005) and simulation results by Ghomian et
al. (2006) and us at the observation well.

Our results show that as CO2 is injected into such a mul-
tiscale, heterogeneous saline aquifer, on one hand, it migrates
upward because of buoyancy and gathers under the layer with
lower permeability. On the other hand, CO2 migrates advance
more in the high permeability region. Only a limited amount
of CO2 penetrates into the low permeability region. The CO2
plume shows obvious viscous fingering both in layered and
vertical directions. This phenomenon can not be represented
with the assumption of homogeneous formation or a single-
scale model is applied. Besides, the CO2 plume distributes
unevenly in a wide range because the Frio formation has a
dip of 18◦, which would be different if a horizontal model is
used.

The results of CO2 migration with numerical simulation at
a time of 10 days are in good agreement with the seismic data
in Frio situ. It proves that the new multiscale heterogeneous
model with partly fine multi-facies heterogeneous domain
proposed in this article can be well used to study the rules
of CO2 migration and distribution in situ. It helps forecast the
front of CO2 plume and evaluate the safety of storage.
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