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Abstract The role of capillary forces during buoyant migration of CO2 is critical toward plume immobili-
zation within the postinjection phase of a geological carbon sequestration operation. However, the inherent
heterogeneity of the subsurface makes it very challenging to evaluate the effects of capillary forces on the
storage capacity of these formations and to assess in situ plume evolution. To overcome the lack of accurate
and continuous observations at the field scale and to mimic vertical migration and entrapment of realistic
CO2 plumes in the presence of a background hydraulic gradient, we conducted two unique long-term
experiments in a 2.44 m 3 0.5 m tank. X-ray attenuation allowed measuring the evolution of a CO2-
surrogate fluid saturation, thus providing direct insight into capillarity-dominated and buoyancy-dominated
flow processes occurring under successive drainage and imbibition conditions. The comparison of satura-
tion distributions between two experimental campaigns suggests that layered-type heterogeneity plays an
important role on nonwetting phase (NWP) migration and trapping, because it leads to (i) longer displace-
ment times (3.6 months versus 24 days) to reach stable trapping conditions, (ii) limited vertical migration of
the plume (with center of mass at 39% versus 55% of aquifer thickness), and (iii) immobilization of a larger
fraction of injected NWP mass (67.2% versus 51.5% of injected volume) as compared to the homogenous
scenario. While these observations confirm once more the role of geological heterogeneity in controlling
buoyant flows in the subsurface, they also highlight the importance of characterizing it at scales that are
below seismic resolution (1–10 m).

1. Introduction

Geological carbon storage (GCS) has the potential to stabilize and eventually reduce anthropogenic emis-
sions of CO2 to the atmosphere, thus facilitating the transition from fossil energy production to an extensive
use of renewables. For GCS to considerably reduce global carbon emissions, large volumes of CO2 have to
be stored underground. This can be accomplished by taking advantage of the heterogeneous nature of
deep brine-bearing sedimentary formations and by designing appropriate injection schemes. The heteroge-
neous nature of geological media plays a critical role in controlling the migration and entrapment of
injected CO2 by affecting the efficiency of both dissolution [Agartan et al., 2015; Farajzadeh et al., 2011] and
capillary trapping [Bryant et al., 2008; Trevisan et al., 2015]. Hence, it becomes crucial to consider the influ-
ence of natural heterogeneity on storage capacity and efficiency whenever candidate reservoirs are identi-
fied [Kopp et al., 2009]. Assuming that most candidate reservoirs are inherently heterogeneous, we can
expect a persistent presence of so-called capillary barriers that possess variable spatial continuity and that
lead to the plume concentrating in high-permeability streaks and pooling behind less permeable layers.
Because characterizing deep reservoirs’ heterogeneity and assessing in situ plume behavior (by means of,
e.g., preferential flow and fluid saturation evolution) is practically difficult, intermediate scale (dm-m) immis-
cible displacement experiments represent a convenient method for studying the influence of heterogeneity

Key Points:
� We present a set of meter-scale

sandbox experiments designed to
replicate field-scale CO2 injection
configuration and contrast in fluid
properties
� Multiple drainage/imbibition events

are used to achieve larger plume
footprints, higher trapping efficiency,
and larger total mass trapped
� X-ray attenuation is used for accurate

quantification of CO2-analog
saturation and mass balance
calculations

Supporting Information:
� Figure S1
� Data Set S1
� Data Set S2
� Data Set S3

Correspondence to:
L. Trevisan,
luca.trevisan@gmail.com

Citation:
Trevisan, L., R. Pini, A. Cihan,
J. T. Birkholzer, Q. Zhou, A. Gonz�alez-
Nicol�as, and T. H. Illangasekare (2017),
Imaging and quantification of
spreading and trapping of carbon
dioxide in saline aquifers using meter-
scale laboratory experiments,
Water Resour. Res., 53, doi:10.1002/
2016WR019749.

Received 2 SEP 2016

Accepted 19 DEC 2016

Accepted article online 27 DEC 2016

VC 2016. American Geophysical Union.

All Rights Reserved.

TREVISAN ET AL. EXPERIMENTAL ANALYSIS OF CO2 MIGRATION 1

Water Resources Research

PUBLICATIONS

http://dx.doi.org/10.1002/2016WR019749
http://orcid.org/0000-0002-7172-5020
http://orcid.org/0000-0002-9443-3573
http://orcid.org/0000-0001-6780-7536
http://dx.doi.org/10.1002/2016WR019749
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-7973/
http://publications.agu.org/


on macroscale migration and trapping phenomena. A further advantage of synthetic aquifers is the ability
to test injection schemes that have potential applications in real storage scenarios. In the context of this
work, we investigate the role of capillary forces during buoyant migration of CO2 as a critical factor toward
plume immobilization during postinjection of carbon storage in deep saline aquifers.

In general, the action of capillarity on immiscible fluid displacement manifests itself via two major phenom-
ena, namely hysteresis and capillary barrier, causing occurrence of nonwetting phase (NWP) at different sat-
urations across the porous medium. The importance of these phenomena has been pointed out by several
numerical modeling studies focusing on a variety of specific aspects at the field scale [Bryant et al., 2008;
Deng et al., 2012; Doughty and Pruess, 2004; Flett et al., 2007; Saadatpoor et al., 2010] and at the sub-meter
scale [Kuo and Benson, 2015; Li and Benson, 2015; Ritzi et al., 2016; Trevisan et al., 2017]. For example, spatial
correlation of the permeability (k) field as well as interconnectivity of high-k preferential flow pathways
have a critical impact on CO2 migration and trapping in saline aquifers [Gershenzon et al., 2015; Han et al.,
2010; Ide et al., 2007; Lengler et al., 2010; Tian et al., 2016]. The modeling approach has also been followed,
either numerically [Buscheck et al., 2012; Gasda et al., 2008; Goater et al., 2013; Yamamoto et al., 2009] or ana-
lytically [Gunn and Woods, 2011; Hesse et al., 2006; MacMinn et al., 2010; Zimoch et al., 2011], to understand
the behavior of a CO2 plume in concomitance with regional groundwater flow and sloping caprock. Injec-
tion strategies aimed at enhancing the storage capacity and efficiency of saline formations have also been
explored by means of numerical models [Buscheck et al., 2012; Cameron and Durlofsky, 2012; Shamshiri and
Jafarpour, 2012; Cihan et al., 2015; Gonz�alez-Nicol�as et al., 2016; Huber et al., 2016; Rasmusson et al., 2016].

While numerical simulations have shed light on the influence of some of the geological and engineering
aspects that control CO2 trapping mechanisms, validation by means of experiments is still lacking. Hereby, the
difficulty in carrying out controlled field experiments has always involved uncertainty related to the rigorous
application of boundary conditions and the exact distribution of sandstone rock types. Most of the work to
date has focused on nonaqueous phase liquid (NAPL) migration observed in sandbox experiments [e.g., Barth
et al., 2003; Fagerlund et al., 2007; Glass et al., 2000; Kueper and Frind, 1991], while studies that specifically
address GCS are quite scarce and are limited to cm-to-m observations of immiscible [Pini et al., 2012; Polak
et al., 2015; Trevisan et al., 2014; Werner et al., 2014; Zhao et al., 2014] and miscible displacements [Agartan
et al., 2015; Neufeld et al., 2010]. A dimensional analysis approach has also been proposed to reconcile labora-
tory scales and field scales [Cinar et al., 2009; Polak et al., 2015; Trevisan et al., 2014; Werner et al., 2014]. In this
context, physical models prove to be very useful, because they enable a systematic evaluation of flow regimes
and heterogeneity contrasts in terms of, e.g., strength and correlation length of a permeability field. However,
while studies so far have integrated heterogeneity in a simplified fashion, it has been long recognized that
the complex geometrical arrangement of typical sedimentary facies plays a major role in capillary trapping
[Mikes and Bruining, 2006; Pickup et al., 2000; Ringrose et al., 1993; van Lingen et al., 1996].

To address the lack of geological realism of prior experimental studies, as well as the limited dimensional size
available for long-term observation of migration and trapping phenomena, a set of sandbox experiments is
performed in this study on a larger (2.44 m 3 0.5 m) system. The setup is unique as it enables introducing
realistic subsurface conditions, thus including the presence of (a) a background hydraulic gradient, (b) signifi-
cant buoyant forces, and (c) a wider continuum of heterogeneity scale. Results from two experiments are pre-
sented that have performed with surrogate fluids at ambient pressure-temperature (P-T) conditions. The first
experiment is conducted in a homogeneous configuration, while the second represents a more realistic het-
erogeneous scenario. The scope of this experimental analysis is twofold. On the one hand, we present a
bench-scale demonstration of injection schemes controlling the migration and immobilization of a surrogate
CO2 plume with and without the influence of heterogeneity. On the other hand, we provide an explicit charac-
terization of the permeability field and boundary conditions, as well as quantification of fluid saturation distri-
bution, for future comparison with numerical simulations. The uniqueness of these experiments lies in the
ability to reproduce and observe those large-scale phenomena that control plume migration while hinting at
the time scale for immobilization involved with geological heterogeneity.

2. Experimental Approach and Methods

Two experiments are presented in this study: a homogeneous setup using #50 Granusil sand and a spatially
correlated, facies-based heterogeneous scenario with a log-normal distribution of permeability having
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equivalent geometric mean llnk of
3.86 3 10211 m2 and a variance
r2

lnk of 1.69. The two experiments
presented in this study are carried
out in a larger tank setup with
respect to the studies by Trevisan
et al. [2014] and Trevisan et al.
[2015], offering the ability to recre-
ate realistic plume spreading
behavior through longer periods.

2.1. Experimental Fluids
The experiments were conducted
at ambient conditions with a pair

of surrogate fluids that mimic the density and viscosity contrasts of scCO2 and brine at reservoir P-T condi-
tions, as reported in Table 1. However, these fluids are insoluble and do not allow for study of mixing and
dissolution processes. Specifically, an isoparaffinic oil (Soltrol 220) and a glycerol-water mixture (80:20 w/w)
were chosen to represent the injected NWP and resident wetting-phase fluid (WP), respectively. Soltrol 220
was dyed red with Sudan IV (Fisher Scientific) and doped with 10% w/w Iodoheptane (Alfa Aesar) to allow
for direct visualization of the fluid flow and to increase X-ray attenuation contrast between the two phases.
Beside their immiscibility, these fluids do not undergo any long-term chemical reactions, as confirmed by
negligible NWP saturation measured through X-rays attenuation before and after extended redistribution
periods (1–2 months).

2.2. Experimental Aquifer Tank
Both homogeneous and heterogeneous scenarios are performed in a sand pack enclosed by a Plexiglas and
aluminum tank with internal dimensions of (244 3 5 3 80.8) cm3. Each experiment consists of four stages:
two NWP injection events separated by as many fluid redistribution (gravity relaxation) stages, during which
the plume is allowed to reach hydrostatic equilibrium. Figure 1 illustrates the geometry of the tank setup
and the sand arrangement for the homogeneous configuration (#50 sand for the aquifer, #8 sand for injec-
tion well and boundary layers, a fine sand mixture for the bottom and top aquitards, and a clay layer as cap-
rock). The aquifer has a 5% slope (38 dip angle) achieved by tilting the setup during packing and a constant
background WP flow is maintained in the updip direction by two constant head reservoirs connected to the
coarse sand boundaries. The injection well consists of a 10 cm high acrylic pipe (internal diameter,

Table 1. Summary of Density (q), Viscosity (l), and Interfacial Tension (c) of Surro-
gate Fluids at Experimental P-T Conditions and Actual Fluids of scCO2 and Brine at
Reservoir Conditions

pPhase q (kg/m3) l (mPa s) lnw/lw qnw/qw c (mN/m)

Soltrol 220 860 4.9 0.072 0.71 15
Glycerol-water 1210 61
scCO2 266–733a

(760c)
0.023–0.0611a

(0.06c)
0.026–0.20a

(0.075c)
0.22–0.75a

(0.745c)
19.8b

Brine 945–1230a

(1020c)
0.195–1.58a

(0.8c)

aEstimates from Nordbotten et al. [2005], T 5 35–1558C, P 5 10.5–31.5 MPa.
bMeasurement from Bennion and Bachu [2006], T 5 438C, P 5 20 MPa, brine

salinity 5 2.7 wt %.
cEstimates from Singh et al. [2010] for Sleipner field.

Figure 1. Schematic of the flow cell. Injection of NWP takes place from a well placed at the bottom of the aquifer. The aquifer has a gentle
slope (38) in the direction of the ambient flow (right to left). Coarse #8 sand is packed along upstream and downstream boundaries to
equally constrain constant head conditions. Electronic scales continuously track NWP inflow and WP outflow masses.
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I.D. 5 4.5 cm) filled with #8 sand. The well is open at the top and supplied with NWP through the bottom
from a constant pressure reservoir (a Mariotte’s bottle) sitting on an electronic scale at H 5 50 cm above
the potentiometric surface. Since this is an inclined surface, the height difference is calculated with respect
to the center of the tank. This pressure-controlled injection method was adopted for its easy implementa-
tion. However, as it will be shown in section 4, the injection flow rate resulting from this constant pressure
potential condition shows fluctuations due to the influence of (1) the relative permeability of the NWP and
(2) the intrinsic permeability of the sands intersected by the plume.

2.3. Design of the Heterogeneous Setup
To explicitly represent a sedimentary structure with a correlated permeability field in a synthetic aquifer, we
follow the experimental approaches of Barth et al. [2001] and Fernandez-Garcia et al. [2004]. Six different
sieve sizes are used to approximate a target log-normal distribution of the facies-based permeability field
and populate a two-dimensional rectangular array of 122 by 25 cells with dimensions (2 3 2) cm2. The six
categories (or facies) correspond to Granusil silica sands #16, #20, #30, #50, #70, and #110, from coarsest to
finest, spatially arranged as shown in Figure 2a (see Table 2 for physical properties of the sands). Figure 2b
shows the target histogram of lnk values for the six facies populating the permeability field (except for #8
sand used for boundaries and wells). Their volumetric fractions are: 3%, 11.4%, 19.5%, 30.8%, 24.6%, and
10.7%, respectively, following the log-normal distribution of permeability. The moderate permeability con-
trast of the experimental setup is used to shorten the experimental time by facilitating faster plume migra-
tion compared to actual reservoirs.

In order to compare the degree of heterogeneity of the synthetic reservoir with cases of practical interest,
we estimate the permeability variation using the Dykstra-Parson coefficient VDP [Craig, 1993]:

Figure 2. (a) Spatial arrangement of the six sand categories in SIS realization #18, with highlighted high-k clusters (dashed line represents X-ray detection edge); (b) target histograms for
the six sands representing a lnk distribution (k in m2); (c) characteristic Pc(S) drainage curve for each sand, including #8 sand used for lateral boundaries and wells; (d) theoretical (red
line) and experimental (symbols) variograms for 20 realizations of the permeability field; the black variogram represents the realization selected for the packing setup (#18).
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VDP5
k502k84:1

k50
512e2r (1)

where k50 is the mean permeability and
k84.1 is the mean permeability plus one
standard deviation; for a homogeneous
reservoir VDP approaches zero, while for
an extremely heterogeneous reservoir VDP

would approach one. For this study, VDP is
0.73, which is representative of most res-
ervoirs [Behzadi and Alvarado, 2012;

Farajzadeh et al., 2011; Kumar et al., 2005; Saadatpoor et al., 2010; Tchelepi and Orr, 1994; Tian et al., 2016].
Another metric often considered is the variance of lnk (r2

lnk). In this study, a variance of 1.69 is selected, fall-
ing in the range of values (0.2–5) reported by a number of modeling studies relevant to GCS [Cameron and
Durlofsky, 2012; Deng et al., 2012; Flett et al., 2004; Han et al., 2010; Lengler et al., 2010].

Capillary pressure Pc(S) drainage curves of the sands cover a range of capillary entry pressures between 0.28
and 2.04 kPa (Figure 2c). These values define the ability of NWP to invade a given sand, while the final satu-
ration in each sand is controlled by the so-called buoyancy pressure, Pb, exerted by the height difference H
between the injected NWP and the resident WP during the injection (50 cm):

Pb5 qw2qnwð ÞgH (2)

where qw and qnw are the densities of WP and NWP, respectively, and g is the gravitational constant. For
simplicity, equation (2) defines Pb at the injection point, where it takes a value of 1.7 kPa, which is estimated
using H 5 50 cm. Since this in an open system, as the plume moves upward, this initial buoyancy pressure
will dissipate proportionally to its vertical location.

The spatial sand distribution is designed to mimic a layered structure that recreates a permeability field in
agreement with most reservoir simulations [e.g., Deng et al., 2012; Flett et al., 2007; Han et al., 2010;
Saadatpoor et al., 2010; Tian et al., 2016]. The Sequential Indicator Simulation (SIS) algorithm [Journel and
Alabert, 1990] combined with the open source program SGeMS [Remy et al., 2009] is used to generate 20
equiprobable realizations based on an exponential variogram (equation (3)):

c hið Þ5c0 12exp 2
3hi

a0;i

� �� �
(3)

where c0 is the sill, hi is the lag distance in the i direction (x, z), and a0,i is the range. The correlation length is
defined as ki 5 a0,i/3. The layered structure is built by assigning long horizontal (100/3 cm) and shorter verti-
cal (4/3 cm) correlation lengths as input parameters for SIS simulations. Figure 2d shows the experimental
variograms along the flow direction for 20 SIS realizations (gray symbols), highlighting the theoretical vario-
gram (red line) and realization 18 (black symbols).

Prior to injection, the porosity variation of the sand pack was determined for both homogeneous and het-
erogeneous packing configurations by measuring X-ray attenuation across the flow domain (supporting
information Figure S.I. 1). Since the sands have all similar porosity (�0.4), their spatial distribution is not dis-
tinguishable from this contour plot; however, the evidence of an inclined stratification, as well as of the clay
layer confining the aquifer (porosity> 0.5) is clear. The higher average porosity observed in the heteroge-
neous case is due to the looser packing carried out to minimize the mixing of finer and coarser sands.

2.4. Boundary Conditions
A constant pressure (Pb 5 1.7 kPa) boundary condition is applied at the injection well (see Figure 1). The tar-
get volume for each injection is 1 L, corresponding to approximately 0.044 pore volumes (estimated using
extents of the aquifer multiplied by average porosity; 229 cm 3 5 cm 3 50 cm 3 0.4). Interestingly, even
though both experiments share the same injected volume, the injections exhibit variable flow rate and
therefore different duration. This behavior is further discussed in section 4.3.

Prior to NWP injection, different background hydraulic gradients were tested to mimic the effect of regional
groundwater flow through deep saline aquifers [Larkin, 2010], as shown in Figure 3. For the heterogeneous

Table 2. Physical Properties of the Silica Sand Grades Used in the
Experiments From Sakaki and Illangasekare [2007]

Material
ID

Sieve
Size k (m2) lnk

uavg

(–)
d50

(mm)
d60/d10

(–)

1 #16 5.62 3 10210 221.3 0.397 0.88 1.72
2 #20 2.14 3 10210 222.3 0.41 0.7
3 #30 1.23 3 10210 222.8 0.433 0.5 1.50
4 #50 3.37 3 10211 224.1 0.4 0.3 1.94
5 #70 1.43 3 10211 225.0 0.44 0.2 1.86
6 #110 5.21 3 10212 226.0 0.38 0.12 �2.0
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scenario, a 4.5 cm head difference
across the domain was selected, result-
ing in a WP flow discharge of 0.56 mL/
min at the left boundary and corre-
sponding to a 2% hydraulic gradient.
The latter was increased to 4.5% in the
homogeneous scenario to maintain a
similar WP flow discharge. This com-
parison shows the direct manifestation
of the presence of high-permeability
layers channeling the flow in the het-
erogeneous setting, as the estimated
effective permeability for the hetero-
geneous case is 9.34 3 10211 m2 and
twice of the permeability for the
homogeneous case (4.28 3 10211 m2).

2.5. Successive Drainage and
Imbibition Experiments
For each sand-packed large tank

(homogeneous or heterogeneous), the experiment includes the first injection event with a target NWP vol-
ume of 1 L, the first redistribution (or imbibition) event with no injection, the second injection event with
the same volume, and the second redistribution event. Each of the redistribution events stops when no fur-
ther movement of the plume is observed along horizontal and vertical directions. The design of these
experiments aims to assess long-term migration and trapping of NWP in the meter-scale system, providing
a necessary dataset for understanding field-scale processes of scCO2 migration and trapping. The reservoir
thickness used in this study is only one order of magnitude smaller than that for some pilot and demonstra-
tion GCS projects. For example, the Frio C sand used for CO2 injection in the Frio pilot test is �5 m thick.

Central to the experimental approach is the use of X-ray attenuation to measure the spatial and temporal
distribution of the phase saturations in the sand pack noninvasively and with high spatial resolution (one
measure every 15 mm in x and z directions). The saturation measurements represent a depth-average along
the second horizontal axis (y) and an areal average over a sampling volume determined by the radius of the
collimated X-ray beam (1 mm). These measurements have an average detection error of 61.5%. Further
details about the X-ray attenuation device, both hardware-wise and software-wise, as well as the procedure
for X-ray data conversion into actual phase path-lengths can be found in Trevisan et al. [2014] and Trevisan
[2015]. In conjunction with X-ray attenuation measurements, photographic images of the transparent walls
of the flow cell are continuously gathered in order to discard any preferential flow of NWP along the vertical
walls.

3. Experimental Results

To show the effect of known heterogeneity structures on migration and trapping of NWP fluid, we present
experimental observations for both homogeneous and heterogeneous setups in a similar fashion. Figures 4
and 5 illustrate the development of NWP plumes qualitatively, with photography, and quantitatively, with
saturation contours gathered via X-ray attenuation, for these experiments. For the sake of conciseness, only
plume snapshots acquired at the end of the injection and redistribution stages are presented, while a more
complete set of results at additional times is available as supplemental material (supporting information Fig-
ures S.I. 1 and Figure S.I. 2). The tables embedded in Figures 4 and 5 summarize the NWP mass balance cor-
responding to each snapshot. The NWP volumes are broken down into inflow, outflow, detected plume
(above z 5 0), and undetected plume (below z 5 0) volumes within the sandbox. As a comparative measure
between the two scenarios, we introduce a trapping efficiency factor, e5Vplume=Vinflow , to represent the frac-
tion of NWP (detected and undetected) that remains in the domain with respect to the total amount
injected. Additionally, we introduce the perimeter-to-area ratio (P/A) as an indicator of plume surface avail-
able for dissolution and chemical reactions.

Figure 3. Correlation between background hydraulic gradient and outflow rate Q
(dashed line represents the 0.56 mL/min wetting phase flow discharge applied to
both experiments).
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3.1. Homogeneous Scenario
The homogeneous experiment is designed to represent the simplest setting for a buoyant plume to migrate
through a porous domain. The purpose of this fairly simplistic setup is twofold: (1) to observe plume behav-
ior during successive drainage and imbibition events, which could be used in the future for testing two-
phase flow models considering the effect of hysteresis, and (2) to provide a control experiment to compare
with a more complex permeability field. To facilitate the comparison between both scenarios, we analyze
each of the four stages separately.

Figure 4. (left) Homogeneous base case experiment: plume snapshots taken via photography and (right) X-ray attenuation at the end of each stage: first injection (first row), first redistri-
bution (second row), second injection (third row), and second redistribution (fourth row). Total NWP volumes corresponding to each snapshot are listed in the table. Temporal evolution
of NWP saturation at five observation points is provided in the supporting information.
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First Injection Stage (0–22.05 h, Figure 4, top row): early evolution of the plume appears to be controlled by
buoyancy force, showing a chimney-like structure, which gradually develops into an asymmetrical shape,
driven by the background WP flow from right to left. Since the plume reaches the caprock at the same time
the injection is halted, the influence of aquifer dip on plume geometry is minimal during this stage. Also,
toward the completion of this stage, the displacement front shows some unstable behavior characterized
by several short-range fingers, possibly due to the buildup of the injection flow rate, causing viscous forces
to dominate over capillary forces. The plume at the end of this stage is referred to ‘‘early plume,’’ and the
saturation (i.e., maximum initial saturation for later imbibition) in this plume under drainage is relatively
high.

Figure 5. (left) Heterogeneous experiment: plume snapshots taken via photography and (right) X-ray attenuation at the end of each stage: first injection (first row), first redistribution
(second row), second injection (third row), and second redistribution (fourth row). Total NWP volumes corresponding to each snapshot are listed in the table. Temporal evolution of
NWP saturation at five observation points is provided in the supporting information.
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First Fluid Redistribution Stage (22.05–327.27 h, Figure 4, second row): once the first injection is complete,
the plume is allowed to redistribute until it approaches equilibrium, which is considered when no further
movement of the plume is observed along horizontal and vertical directions (as shown in section 4). During
this buoyancy-dominated relaxation process, the plume (i.e., the postinjection plume) develops predomi-
nantly along a thin layer underneath the caprock and leaves behind a trail of residual saturation. Approxi-
mately 11 days after the injection ends, 35% of the injected mass has escaped out of the aquifer and the
postinjection plume takes an average NWP saturation of 17%. Interestingly, this residually trapped satura-
tion is not homogeneously distributed within the plume, as shown by the X-ray contour maps, where values
range between 5% and 20%. The highest saturation of trapped NWP occurs in the footprint of the early
plume event and can be attributed to the high initial saturation within this footprint. Out of this footprint,
the postinjection plume experiences drainage and imbibition during the redistribution period, and has
much smaller initial maximum saturation (than that in the early plume at the end of the first injection event)
that results in even smaller saturation of trapped NWP. These results indicate that the observed behavior of
trapped NWP may be represented by existing empirical [e.g., Land, 1968] or nonempirical trapping models
[e.g., Cihan et al., 2014, 2016]. The irregular saturation distribution within the footprint of the early plume
probably results from the imperfect nature of the sand packing causing water encroachment to occur by
nonuniform displacement/imbibition. Although the behavior observed here has been predicted at the res-
ervoir scale by several continuum-based multiphase flow models [Flett et al., 2007; Kumar et al., 2005; Len-
gler et al., 2010], no experimental evidence has been yet reported with such detailed characterization of the
saturation distribution.

Second Injection Stage (327.27–350.65 h, Figure 4, third row): during early times of the second injection
event, the plume follows the path established by the previous injection event. However, before the target
injection volume is reached, the lateral spreading of the plume increases resulting in a wider footprint than
the early plume, as well as larger median plume saturation (0.46 versus 0.38), as shown in Figure 7. The larg-
er spreading and higher saturation are most likely due to (1) the presence of trapped NWP in the early
plume that has a detrimental effect on relative WP permeability as compared to the nearby NWP-free
regions, (2) right-to-left background WP flow that results in the skewness of the plume, and (3) the dynamic
evolution with additional injection that would occur for the same continuously injected volume of 2 L. All
these effects cannot be distinguished by the only one data set without comparison.

Second Fluid Redistribution Stage (350.65–590 h, Figure 4, bottom row): the positive impact of a second injec-
tion event is revealed by the area occupied by the plume after the second redistribution, which is 23% larg-
er than the area occupied after the first injection and redistribution. Consequently, a larger footprint
enables a 58% increase in residually stored mass. On the other hand, this experiment shows the principal
disadvantage of homogeneous and isotropic reservoirs, where gravity segregation causes the plume to
bypass a large fraction of the reservoir. From the NWP saturation contour maps obtained with X-ray attenu-
ation, a concave region of lower saturation surrounded by relatively higher saturation can be observed, as a
possible effect of the background WP flow on plume trapping. Similar effects on the inhomogeneity of the
trapped saturation distribution as for the first redistribution, but the region with higher residual saturations
seems to be larger.

Note that the plume is always continuous in its footprint at the different stages of the experiment. The trap-
ping efficiency factor after the second redistribution stage is 51.5%, smaller than 65% after the end of the
first redistribution stage. However, a NWP volume of 1030 mL is trapped within a wider plume, larger than
the total trapped volume of 650 mL after the first redistribution stage.

3.2. Heterogeneous Scenario
First Injection Stage (0–27.3 h, Figure 5, top row): as opposed to the homogenous scenario, where the plume
freely migrates upward and reaches the caprock by the end of the first injection event, the presence of
capillary and permeability barriers of finer sands in the heterogeneous scenario leads to a 44% reduction in
vertical migration distance and a 66% increase in horizontal migration distance. The injected NWP fluid
migrates into a cluster of connected coarse sands (#16, #20, #30) that is immediately above the injection
well and bounded by fine #110 sand from the left and right sides and by #70 sand from the top of the clus-
ter (see Figure 2a). With time, the injected NWP fluid accumulates in this high-permeability cluster, pools
under the overlying less permeable #70 sand, and migrates downward to the left side following the
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structure of the coarse sands. This results in an increase in plume thickness and thus NWP pressure at the
top of this NWP pool. When the NWP pressure at the bottom of #70 sand is higher than its entry capillary
pressure (�1.2 kPa), the capillary barrier is broken and NWP starts to migrate upward through the #70 sand
into the second cluster of coarse sands to form the second pool of NWP. Clearly, the plume includes two
separate pools connected by a flow path through #70 sand where NWP saturation is small. However, it is
this low-saturation flow path that supplies all NWP mass in the second, upper pool. The second cluster con-
sists of #30 sand and #16 sand to the left and is bounded from the top by a continuous layer of #70 sand
crossing over the entire sandbox length. At the end of this stage, the second pool is filled by NWP only in
the #30 sand portion of this cluster. This accumulation-penetration-breakthrough phenomenon was simu-
lated for stratified intraformation layers for the Illinois Basin [Birkholzer and Zhou, 2009; Zhou et al., 2010],
but this phenomenon is shown for the first time in a laboratory experiment with sufficient aquifer thickness.

First Fluid Redistribution Stage (27.3–262.42 h, Figure 5, second row): at the end of this stage, all injected
NWP mass is trapped within the two pools by capillary barriers of the surrounding finer sands and local
residual saturation in the two clusters of coarse sands. With time, the first, lower pool shrinks a little bit and
its saturation decreases, leading to the reduction in NWP pressure at the top of the pool. The reduced NWP
mass from the lower pool migrates through the #70 sand flow path into the second, upper pool. At the end
of this stage, the flow through this path ceases because at the bottom of this path, the continuous reduc-
tion in the NWP pressure and saturation leads to the balance between capillary force of the finer sand and
buoyancy force from the lower pool. The capillary barrier of the fine #70 sand is recovered from its broken
condition, trapping large amount of NWP mass in the lower pool with higher saturation than local residual
saturation (�20%). With continuous inflow from the lower pool and redistribution in the upper pool, NWP
fluid migrates updip to the left side and fills in a new branch of #16 sand facies. At the end of this stage, the
saturation distribution in the upper pool follows the balance between capillary and buoyancy forces at any
location of the pool. Due to the updip feature of the cluster and the pool, buoyancy-induced NWP pressure
is the highest at the upper end of the pool on the left and lowest on the lower end of the pool on the right,
resulting in the saturation variability in the pool.

The entire upper pool is trapped by the capillary barrier of the overlying continuous #70 sand layer, as the
highest NWP pressure at the upper-left end of the pool is still lower than the entry capillary pressure of #70
sand. The upper pool is also surrounded by finer #50 sand on its left side and #50 and #70 sands on the
right side of the pool. This phenomenon of a NWP pool of high saturation trapped in a ‘‘pocket-shaped’’
cluster of high-permeability sands by surrounding lower-permeability sands or shales on all sides (at least
top and updip) except one in-flow side is referred to as ‘‘pocket’’ trapping. The in-flow side can be the
downdip or bottom side through which NWP fluid or scCO2 is supplied. The pocket trapping is caused by
capillary and permeability barrier effects along the semi-closed boundary of the trapped NWP pool. This
trapping is similar to the dead-end effect in contaminant transport [Coats and Smith, 1964] and hydrocar-
bon trapping in anticlines.

Second Injection Stage (262.42–293.42 h, Figure 5, third row): the lower cluster of coarse sands and the lower
NWP pool is additionally charged by injected NWP fluid, leading to an increase in NWP saturation in this
pool. The increased saturation leads to higher capillary pressure at the top of the pool and the bottom of
interpool #70 sand, breaking the capillary barrier again. Once the interpool flow path is reactivated for flow,
the NWP pressure at the top of the upper pool increases sharply because the entire plume (i.e., the two
pools and the interpool flow path) is connected, leading to much higher NWP columns. This higher NWP
pressure drives NWP upward migration into the #50 sand facies overlying the #30 sand in the downdip por-
tion and overlying the #16 sand in the updip portion of the upper pool.

Second Fluid Redistribution Stage (293.42–2400 h, Figure 5, bottom row): with time of redistribution, NWP
migrates updip further in the #50 sand from the #16 branch to expand the second pool. Meanwhile, the
NWP pressure is sufficiently high at the updip ends of the pool, and thus breaks the capillary barrier of the
continuous #70 sand layer at two locations. The newly created two flow paths through #70 sand facilitate
upward migration of NWP to form the third pool in the third cluster of #20, 30, and #50 sand. The same
accumulation-penetration-breakthrough process continues to create the fourth and the fifth NWP pool. The
fifth pool is connected to the left-side boundary, resulting in outflow of 35.7% of the injected mass from the
sandbox.
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This last stage takes 2.9 months to reach quasi-hydrostatic equilibrium. 64.3% of the injected NWP is immo-
bilized within the aquifer, a 12.8% increase with respect to the homogeneous scenario. Another significant
feature of the plume is its specific surface area, represented by the P/A ratio, showing a 10-fold increase
with respect to the end of the first redistribution stage, and a 37-fold increase with respect to the end of
the second redistribution stage for the homogeneous scenario.

Note that the contrasts of permeability and entry capillary pressure among the six sand facies are chosen to
show all the physical processes and phenomena, including pooling under finer facies and capillary barrier
effect, breakthrough of capillary barriers caused by buoyancy-enhanced NWP pressure, start and cessation
of interpool NWP flow, and cyclic drainage and imbibition. These contrasts are also chosen to show residual
trapping, hysteresis caused by cyclic drainage and imbibition, and pocket trapping that mainly depends on
the heterogeneity structures. These chosen contrasts make this unique experiment feasible at the time scale
of 100 days and the spatial scale of 244 cm 3 80.8 cm 3 5 cm. The physical processes and phenomena and
the trapping mechanisms demonstrated in the experiment are relevant to the field-scale GCS reservoirs
that have much higher contrasts of permeability and entry capillary pressure. The higher contrasts will facili-
tate some phenomena, such as pocket trapping.

4. Discussion

Some important observations made in the homogeneous experiment include: (1) the linear increase in
injection flow rate with time under the constant injection pressure condition, and the subsequent develop-
ment of displacement front instabilities, (2) the absence of remobilized NWP during the second injection
and the larger footprint achieved afterward, and (3) the nonuniform NWP saturation distribution within the
early plume footprint. The heterogeneous experiment provides the following observations: (1) the absence
of CO2 outflow after the first fluid redistribution, and (2) the longer time of plume redistribution (2.8
months). Some of these observations in the two experiments cannot be predicted by the state-of-the-art
mathematical models, thus offering an opportunity to improve these models.

4.1. Spatial Moment Analysis
Besides visual observations and quantitative measurement of plume saturation via X-ray attenuation, we
assess the spreading of the plume throughout the various stages of the experiments via analysis of spatial
moments [Eichel et al., 2005; Fagerlund et al., 2007; Han et al., 2010; Kueper and Frind, 1991]. For an immiscible
plume, the zeroth moment, M000, is defined in a similar manner as for a solute concentration [Freyberg, 1986]:

M000 tð Þ5
X

i

ui x; y; zð ÞSi
NW x; y; z; tð ÞV i (4)

where ui is the porosity (space-dependent) and Si
NW is the space-dependent and time-dependent NWP sat-

uration for the ith gridblock with volume Vi. The first moments in the x direction and z direction normalized
by the total NWP volume present in the domain (M000) define the coordinates of the plume centroid:
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4.1.1. Zeroth Moment
A critical problem related to the long-term containment of CO2 in deep reservoirs and recently tackled by
tracer tests is the assessment of the amount that is being retained under residual saturation conditions
[LaForce et al., 2014; Myers et al., 2015; Rasmusson et al., 2014]. In fact, any part of the plume occurring at sat-
urations higher than residual is considered mobile and susceptible to further displacement, unless addition-
al trapping mechanisms, such as dissolution trapping and pocket trapping, get underway. The controlled
laboratory experiments in conjunction with a refined X-ray scanning grid allow for accurate quantification
of the total NWP volume present in the tank using zeroth moment calculations. To evaluate the effects of
capillary barriers and sequential injections on the retention of NWP we selected a cutoff value of 0.22 to dif-
ferentiate mobile and residual fractions of a saturation at local scale. This cutoff value represents the maxi-
mum residual NWP saturation of the homogeneous experiment; however, this cutoff value is higher than
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actual residual saturation values owing to the hysteretic behavior of the Pc(S) relationship [Cihan et al.,
under review], and may result in slight over-prediction of the immobile volume and under-prediction of the
mobile volume.

As shown in Figure 6, both experiments reach an apparent hydrostatic equilibrium at the end of the experi-
ments as no further changes in the trapped NWP mass (mobile and immobile) are observed. The final resid-
ually trapped volumes are similar for the homogeneous and heterogeneous cases, 595 mL and 657 mL,
respectively. However, the final mobile volume (243 mL) in the heterogeneous case is significantly larger
than that (34 mL) in the homogeneous case, because of local structural ‘‘pocket’’ trapping caused by hetero-
geneity structures and capillary barrier effects. In addition, the heterogeneity elongates the time (3.6
months) needed for plume stabilization after two injection events, much longer than that (24 days) for the
homogeneous cases.

In addition to the analysis of total plume volume, assessing the range of NWP saturations measured at the
end of each stage provides information about the trapping capacity of each scenario (Figure 7). At the end
of both injection stages (stages A and C), capillary barriers have a dominant effect on plume migration in
the heterogeneous scenario, leading to the highest saturations after the second injection. After the first fluid
redistribution (stage B), the mobile NWP fluid exists over 70% of the plume footprint under pocket trapping
in the heterogeneous case, while a residual (immobile) saturation state has been reached in 99% of the
plume footprint in the homogeneous case. Finally, at the experiment completion (stage D), the main differ-

ence in terms of saturation distribution
between both scenarios is the presence,
although scattered, of high saturation
areas in the heterogeneous case.
4.1.2. First Moment
The analysis of first spatial moments
allows tracking the position of plume’s
centroid in the x-z plane during the tem-
poral evolution of the NWP plume. As
shown in Figure 8, whenever the plume
breaks through at the outflow boundary,
the center of mass reverses its original
migration direction (both horizontally and
vertically) and starts moving countercur-
rent with respect to the dipping angle of
the aquifer and the background flow. This
characteristic behavior is observed in
both scenarios and during both injection
events. In the homogeneous scenario, the
observed behavior is essentially identical
during the two injection events. In the

Figure 6. Zeroth moment evolution representing total plume volume (detected by X-ray scanning) during both experiments (black
squares). Orange circles and blue triangles differentiate mobile and residual portions of the plume, respectively. Dashed lines delineate the
two injection events.

Figure 7. NWP saturation distributions measured at the end of each stage for
both experiments (black for homogeneous, gray for heterogeneous). (a) end
of first injection; (b) end of first redistribution; (c) end of second injection; (d)
end of second redistribution.
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heterogeneous scenario (right column in Figure 8), however, an overall equilibrium is quickly attained after
the first injection, both horizontally and vertically, while after the second injection event, a slower upward,
left-bound movement of the plume centroid takes place for approximately two months, culminating with
the breakthrough into the outflow boundary.

Another interesting observation is that in the homogeneous scenario the plume remains very close to the
caprock, as compared to the heterogeneous scenario. This behavior could have important implications in
actual field conditions, where avoiding a prolonged seal exposure to CO2 may prevent mineral reaction that
can undermine its geological integrity.

4.2. Assessment of Flow Regimes
As the primary objective of this type of experiments is to mimic flow behavior of a scCO2 plume
through a brine-saturated aquifer, the injection flow rate was maintained inside the limits of capillary/
buoyancy-dominated flow regime. Evidence from laboratory [England et al., 1987] and field observa-
tions [Cavanagh and Haszeldine, 2014] suggest that for capillary number (Ca5Uili=c)< 1025, buoyant
fluids such as oil or CO2 move across the porous medium via gravity-driven ganglia and therefore can
be modeled with numerical methods that neglect viscous forces, such as invasion percolation [Frette
et al., 1992; Meckel et al., 2015]. For the experiments presented here, we estimate capillary numbers
with two different methods: (1) from NWP velocity (flow rate/well area) during the injection and (2)
from plume’s center of mass velocity (traveled length/time) during the fluid redistribution stages.
Although the second method to estimate NWP characteristic velocity may seem unconventional, the
absence of a specific NWP flow rate during fluid redistribution stages required a measure of average
displacement velocity of the plume centroid. The evolution of the capillary number presented in Fig-
ure 9 points toward similar injection flow regimes for both experiments and higher influence of capil-
lary forces (smaller Ca) during gravity relaxation for the heterogeneous scenario. To compare the
magnitude of buoyancy and capillary forces, we estimated the Bond number (Bo5Dqgk=c) using #50
sand to represent the permeability of both homogeneous and heterogeneous aquifers. The resulting
Bond number (Bo 5 7.71 3 1026) is an order of magnitude higher with respect to the Utsira formation
(Bo 5 1.74 3 1027) [Singh et al., 2010]. A further assessment between buoyancy forces and viscous
forces can be realized by calculating the ratio Bo/Ca, also known as Gravity number, which trend is
inversely proportional to that of Ca.

Figure 8. Temporal evolution of the horizontal (squares, top row) and vertical (circles, bottom row) coordinates of the plume center of
mass during both experiments. The intervals shown by the vertical dashed lines represent the duration of the injection events. X-
coordinates decrease toward the left (outflow) boundary of the domain. Z-coordinates of caprock vary from 300 mm (right boundary) to
400 mm (left boundary).
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4.3. Injection Flow Rate Evolution
For the homogeneous experiment (Figure 10, left column), the first and second injection events take 22 and
23 h to complete the target injection volume of 1 L. For both injection events, the flow rate rose monotoni-
cally from 0.31 to 1.16 mL/min. This behavior could be explained by near-well enhanced NWP relative per-
meability caused by saturation increase with time and by the growth of the plume in both length and
width.

For the heterogeneous experiment (Figure 10, right column), the injection duration extends to 27 and 30 h
during the first and second injection events. During the first injection, the flow rate shows several rapid
changes indicating a strong influence of the permeability structure. The higher rate during the first 10 h
indicates easy injection into the first cluster of high-permeability sand facies (see Figure 2a) with the lower
plume pool as shown in the first row of Figure 5. The later behavior of the injection rate with a decrease
and then a gradual increase indicates the impact of low-permeability sand (#70) that is broken through by
NWP to form the upper plume pool. The smaller fluctuations of the injection rate show the impacts of
smaller-scale structures of permeability within each cluster. For the second injection event, the injection
rate decreases sharply and then increases gradually, showing a smoother evolution. This behavior of the
injection rate clearly shows the control of the low-permeability sand between the two clusters of high-
permeability sands. The quick reduction can be attributed to this structure because the high saturation in
the lower pool remains stable during the first redistribution stage and thus does not change the relative
permeability significantly. At later time of injection, the rate is similar for both injection events because the

Figure 9. Evolution of the capillary number during homogeneous (left) and heterogeneous (right) experiments. Calculations of NWP veloc-
ity are based on injection flow rate (continuous lines) and average displacement velocity of plume centroid (circles). Bond number is calcu-
lated using permeability of the homogeneous aquifer (Bo) and average permeability of the heterogeneous aquifer (hBoi). Shaded areas
represent injection periods. For visualization purposes, the length of the heterogeneous plot was reduced from 2500 to 1000 hours.

Figure 10. Evolution of cumulative inflow volume (top row) and flow rate (bottom row) of Soltrol 220 for the homogeneous (left column)
and heterogeneous (right column) experiment. Target injected volume (1000 mL for each injection event) is highlighted by horizontal
dashed lines for cumulative volumes.
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flow paths connecting the two pools are also stable in terms of saturation and relative permeability. Overall,
the evolution of the injection rate depends on the absolute permeability, saturation-dependent relative per-
meability and the structure of absolute permeability that controls the pools of plume. It will be very interest-
ing to use numerical modeling to match the observed flow rates with all known heterogeneity structures
and plume evolution with quantified high-resolution saturation.

4.4. Comparison With Small-Tank Experiments
The immiscible displacement experiments, referred to as large tank experiments, performed in the 2.4 m 3

0.5 m sandbox represent the last iteration of the experimental analysis on capillary trapping that originated
from smaller (0.7 m 3 0.16 m) and less complex setups [Trevisan et al., 2015, 2014]. To reiterate the
improved convenience of these experiments with respect to previous, smaller and simpler setups, the
increased size of the synthetic reservoir allows to recreate plume geometries and injection volumes that are
more realistic. Consequently, with respect to previous small tank experiments, the progression to the cur-
rent large tank system involves four main additional features: (1) a larger influence of buoyancy forces,
enabled by a lower aspect ratio of the aquifer; (2) the implementation of a background hydraulic gradient;
(3) the sequential injection scheme and cyclic drainage and imbibition; (4) a larger variability of the perme-
ability field. These features, in addition to the meter-scale system and long-term monitoring, make some of
the observations discussed above unique and first of the kind.

5. Concluding Remarks

The large tank experiments presented show the asymptotic values of trapping and storage efficiency factors
with multiple cycles of drainage and imbibition under an ideal homogeneous scenario and a more realistic
heterogeneous one. The trapping efficiency factor reduces from 65% after the first redistribution stage to
51.5% after the second redistribution stage in the homogeneous experiment, while it reduces from 100% to
64.3% from the first to the second redistribution stage in the heterogeneous experiment. The enhanced
trapping efficiency in the heterogeneous case can be attributed to the local structural trapping, i.e., pocket
trapping, which is caused by combined heterogeneity structure and capillary barrier effect. For the homoge-
neous case, all trapped NWP mass is due to combined residual saturation and hysteresis caused by cyclic
drainage and imbibition. Given the large dimensions and total duration of the experiments, only one reali-
zation was performed for each scenario. However, to consider the natural uncertainty of sandbox experi-
ments, we have performed stochastic numerical simulations using a continuum-based model in Gonzalez-
Nicolas et al. [2016].

The observations of these large tank sandbox experiments allow to draw the following conclusions:

1. When performed in relatively homogeneous systems, subsequent NWP injections have the ability to
enhance the reservoir space invaded by the plume, increasing residual NWP saturations by hysteresis
caused by drainage/imbibition cycles. Under constrained injection pressure, the injection rate for the
two injection events linearly increases with time following the same trend.

2. For the heterogeneous case, injected NWP accumulates in clusters of high-permeability sand facies to
form pools of higher saturation trapped behind capillary barriers. Connecting these separate plume
pools are low-permeability sand facies through which the buoyant plume has to migrate to achieve high
storage and trapping efficiency.

3. The constant NWP injection pressure in the heterogeneous case results in fluctuations in the injection
rate, reflecting the effect of permeability structure, the evolution of plume clusters, and NWP migration
through low-permeability facies that connecting these pools. This observation is relevant to field situa-
tions where reservoir injectivity can show significant variations in time.

4. Layer-type heterogeneity exerts a major control on the migration and trapping of the plume, leading to
longer displacement times to reach stable trapping conditions, dampened vertical migration, and immo-
bilization of larger fraction of injected mass within coarser sand zones.

The outcomes presented in this study highlight the convenience of sandbox experiments for mimicking a
realistic aquifer configuration and interplay of governing forces. As part of the continuing effort to improve
numerical predictions of storage capacity and efficiency, these surrogate systems are instrumental to identi-
fy the relevant migration and trapping phenomena that need to be considered by mathematical models.
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For instance, given their capillary-dominated flow regime, these experiments lend themselves to bench-
mark the performance of existing and new two-phase flow simulators.
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