
1.  Introduction
Almost all scenarios that limit climate-change-caused temperature rise to ≤2°C rely on large-scale geologic 
sequestration to redirect carbon dioxide (CO2) emissions away from the atmosphere and instead into un-
derground storage (IPCC, 2014, 2019). Geologic sequestration is being considered both as a way to prevent 
carbon emissions from large point source polluters (e.g., fossil fuel energy production, cement manufac-
turers), and also as a potential negative emissions technology when coupled with bioenergy with carbon 
capture and storage, or direct air capture (Bui et al., 2018; IEA, 2020; IPCC, 2005, 2019). The short-term 
(i.e., order of decades) security of a geologic sequestration operation in a sedimentary formation relies on 
two physical mechanisms: (a) the presence of a sound impermeable caprock to enable “structural” trapping 
of the relatively buoyant CO2 plume below the caprock (Shukla et al., 2010; Song & Zhang, 2013), and (b) 
the interfacial interactions between rock-CO2-resident brine which break off small bubbles of disconnected 
CO2 within the pore structure of the rock formation, termed “capillary” or “residual” trapping (Abidoye 
et al., 2015; Boot-Handford et al., 2014; Burnside & Naylor, 2014; Krevor et al., 2015). Provided that these 
mechanisms hold the CO2 underground for sufficient time, the CO2 will dissolve into the surrounding for-
mation water and subsequently undergo mineralization processes (De Silva et al., 2015), trapping the car-
bon in stable nongaseous forms on geologic timescales. Geologic reservoirs targeted for sequestration are at 
depths such that the reservoir pressure dictates that the density of the CO2 phase is relatively high (although 
still less than the resident brine), enabling more efficient storage; this is usually accompanied by geothermal 
gradients that force the CO2 into a supercritical state, denoted here as “scCO2.”
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Experiments where multiple cycles of scCO2 and brine are injected into rock samples have produced 
conflicting results regarding the consistency of trapping as cycles progress; likely due to differences in 
mineral content, pressure-temperature conditions, aqueous chemistry parameters, and experimental 
setups. We present a new set of experiments, replicating the conditions of a previous study, but with a new 
experimental design, apparatus, and timeline. We confirm previous results that demonstrated shifts in 
injection pressure and scCO2 trapping behavior over multiple injection cycles, and we conduct additional 
analyses to discern the fluid-fluid macroscopic contact angle, interface mean and Gaussian curvatures, 
scCO2 interfacial area, and topology of trapped scCO2 ganglia. We also performed lattice-Boltzmann 
simulations approximating experimental conditions where solid wettability was systematically altered 
over multiple injections cycles; trends in scCO2 ganglia characteristics compare well between experiment 
and simulation. The results indicate that this system undergoes a transition to a “patchy” mixed-wet 
state, and we observe that this wettability alteration renders scCO2 more stable in the rock pore space, 
increasing capillary trapping over four injection cycles.
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Many recent studies have focused on capillary trapping because it is a more secure storage mechanism than 
structural trapping alone. Capillary trapping of scCO2 breaks up the larger scCO2 plume, holding scCO2 
bubbles in individual pore bodies within the rock architecture. This disperses the injected scCO2 over a 
larger volume, decreasing the size of the mobile connected plume and the associated risk of plume migra-
tion in the event of caprock failure. Capillary trapping occurs in multiphase fluid-porous medium systems 
when there is a local (order of individual pore bodies and throats) or global (on the order of a representative 
elementary volume) increase in the volume fraction (“saturation”) of the more wetting fluid (for water-wet 
systems, the wetting fluid is water or an aqueous solution, and scCO2 is a nonwetting phase). This causes 
the wetting phase to spread over the surface of the rock, and allows films of the wetting phase to grow 
and merge at constrictions within the rock structure (pore throats), thus “snapping off” and surrounding 
small bubbles (“ganglia”) of nonwetting phase fluid (Roof, 1970). Snap-off processes can occur under many 
different flow conditions, including during nonwetting phase injection (“drainage”; Andrew et al., 2015; 
Herring, Gilby, et al., 2018) and during wetting phase injection (“imbibition”; Deng et al., 2015; Mahmud & 
Nguyen, 2006; Singh et al., 2017) as long as the pore-scale reconfigurement of fluids allows for an increase 
of wetting phase at crucial locations within the porous media. Many studies have investigated how capillary 
trapping levels are enhanced or suppressed in different medium geometries (Andersson et al., 2018; Herring 
et al., 2019; Mahmud & Nguyen, 2006; Mansoori et al., 2009; Pentland et al., 2010; Tanino & Blunt, 2012), 
through manipulation of fluid and flow properties (Bachu, 2003; Bachu et al., 2009; Bennion & Bachu, 2013; 
Herring et al., 2015; Kimbrel et al., 2015; Nguyen et al., 2006; Wildenschild et al., 2011), and in different 
rock types (Bachu, 2015; Burnside & Naylor, 2014; Tanino & Blunt, 2012; Wang & Tokunaga, 2015). A re-
view by Krevor et al. (2015) compiled results of many drainage-imbibition experiments, demonstrating that 
capillary trapping of scCO2 in these experimental systems is dependent on the initial scCO2 saturation and 
generally follows the curve described by the Land model (Land, 1968) for both sandstones and carbonates.

The current study is motivated by an inconsistency in the literature regarding whether cyclic drainage-im-
bibition injections increase residual trapping. Most of the experimental studies included in the Krevor 
et al. (2015) review looked at one drainage-imbibition cycle (El-Maghraby & Blunt, 2013; Krevor et al., 2012; 
Lu et al., 2013; Shi et al., 2011; Zuo & Benson, 2014); or multiple cycles, but where the core was depressur-
ized and/or flooded with unsaturated brine to return the core to an original 100% brine-saturated state (Ak-
barabadi & Piri, 2013, 2015; Li et al., 2015; Niu et al., 2015; Pentland et al., 2011). There are relatively fewer 
studies that have looked at sequential drainage-imbibition studies. Herring et al. (2016) conducted an ex-
perimental study investigating cyclic injection behavior of scCO2 and brine under supercritical conditions, 
but relatively low pressure (8.6 MPa/1250 PSI) and temperature (40°C). The results of that study indicated 
a competition during cycling between increased trapping (which the authors attributed to an unidentified 
surface geochemical/wettability alteration process) and decreased trapping due to increasing connectivity 
of the scCO2 phase (a previously identified mechanism Herring et al., 2013, 2015; Schlüter et al., 2016). 
Additional analysis of the Herring et al. (2016) data set showed that the topology and morphology of in-
dividual residual scCO2 ganglia also changed over the course of the injection cycles, leading to larger and 
more interconnected residual ganglia, invading smaller pore throats (Herring, Wildenschild, et al., 2018). 
The trend of increasing residual saturation over consecutive drainage-imbibition cycles has also been ob-
served in Bentheimer and Nugget sandstones at 12.4 MPa and 45°C (Dalton et al., 2020). Similarly, exper-
iments by Edlmann et al.  (2019) monitored pressure signals over six CO2-water injection cycles (carried 
out under similar pressure-temperature conditions as Herring et al., 2016) and found increased differential 
pressure, associated with increased residual trapping of scCO2, for each subsequent cycle. Abdoulghafour 
et al. (2020) investigated drainage capillary pressures for scCO2 systems and found that the secondary drain-
age achieved a higher capillary pressure and higher scCO2 saturation than the primary drainage, and stated 
that the higher scCO2 saturation was due to “CO2 cluster coalescence in the pore space during the second 
CO2 injection,” a finding that supports previous imaging studies (Dalton et al., 2020; Herring, Wildenschild, 
et al., 2018). Capillary pressure-saturation measurements of drainage-imbibition cycles in unconsolidated 
media have indicated that the wettability of quartz sand is altered to CO2-wetting under supercritical condi-
tions (Plug & Bruining, 2007), and for consecutive drainage-imbibition flows, a transition in wettability oc-
curs over time/cycle number due to scCO2 exposure for quartz and carbonate sands (Tokunaga et al., 2013; 
Wang & Tokunaga, 2015). Furthermore, Tokunaga et al. (2013) and Wang and Tokunaga (2015) observed 
elevated residual trapping of scCO2 relative to air in these sands, despite capillary pressure measurements 
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indicating shifts toward scCO2-wetting behavior under supercritical conditions. These studies indicate that 
the scCO2-brine-solid system evolves over multiple cycles of scCO2 and brine injections.

In contrast, Ruprecht et al. (2014) conducted three drainage and imbibition cycles using a co-flooding frac-
tional flow set-up at 9 MPa and 50°C in a fired Berea sandstone sample and found good agreement over 
sequential cycles with the Land model, indicating no significant change in rock properties over the course 
of the cycles. Similarly, Saeedi and Rezaee (2012) investigated cyclic injections at relatively high pressure 
(17.8 MPa/2580 PSI) and temperature (80°C) conditions and observed that there was no significant change 
in the amount of residual trapping or other flow characteristics over the course of four cycles; and another 
study using nitrogen gas as a CO2 proxy showed that fractional pore volume water-alternating-gas injections 
actually reduced residual gas trapping (Adeoye et al., 2017). Garing and Benson (2019) measured capil-
lary pressure-saturation relationships for scCO2-water floods in unfired Berea sandstone cores, and then 
repeated the measurements after firing the cores, and again after exposing the core to scCO2 for 28 days; 
and observed no significant difference between the three sets of measurements. The Ruprecht et al. (2014) 
and Saeedi and Rezaee  (2012) findings are more consistent with traditional multiphase theory (e.g., as 
described in Raeesi et al., 2014), and smooth initial-residual trapping relationships are currently assumed 
in larger-scale modeling studies; for example, Rasmusson et al. (2016). The determination of whether the 
scCO2-brine-rock system exhibits evolutionary behavior over the course of multiple cycles, and the mech-
anism and system parameters that enable this behavior, is thus crucial for predicting and engineering the 
long-term behavior of subsurface scCO2 at injection sites.

Recently, some potential mechanisms have been identified in scCO2-brine systems which might be respon-
sible for the anomalous behavior described above. Fines migration describes the dissolution and mobili-
zation of small particulates of quartz, intergranular clays, or other minerals during core flooding; these 
“fines” may then be re-deposited on rock grain surfaces or potentially block small pore throats, leading to 
permeability reduction (a.k.a. “formation damage”, Galal et al., 2016; Muecke, 1979). Fines migration is 
dictated by factors influencing the interfacial forces on particulates, including fluid pH and salinity (and 
particularly the presence of divalent cations) and mineral wettability (Jones, 1964; Khilar & Fogler, 1983; 
Mungan, 1965; Zhang et al., 2020). Evidence of fines migration has been observed in Berea sandstones as a 
result of core flooding with scCO2-saturated brine (Ge et al., 2020; Othman et al., 2019); a companion study 
(Zhang et al., 2020) indicated that the mineral phases kaolinite, chlorite, and muscovite exhibited physical 
and/or chemical changes after exposure to scCO2-saturated brine and were most likely to be mobilized (in 
contrast to quartz and microcline, a potassium-rich feldspar, which showed no changes upon exposure). Ge 
et al. (2020) and Zhang et al. (2020) suggest that a primary impact of fines migration is the mobilization of 
fines and subsequent blockage of pore throats, leading to reduced permeability. In a more recent study, Ge 
et al. (2022) also found that fines migration increased residual saturation of scCO2; the authors attribute this 
effect also to pore throat blockage. Even in the absence of fines migration, the wettability of clay minerals 
can have a significant impact on relative permeability endpoints and subsequent trapping of scCO2 (Fan 
et al., 2020). The Bentheimer sandstone cores investigated by Herring et al. (2016) and further herein are 
largely comprised of quartz, but are unfired with K-feldspar and kaolinite present; so there is potential for 
clays to influence flow, and for fines migration (especially with respect to kaolinite) to occur.

Another potential surface chemistry impact is wettability alteration of the quartz/silica surfaces upon ex-
posure to scCO2. Wettability characterization of minerals in the presence of scCO2 and CO2-saturated brine 
is a source of disagreement in the literature; quartz is often assumed to maintain its strongly water-wet-
ting properties, but numerous studies indicate that this assumption may not be correct (e.g., see review 
by Iglauer, 2017). Wan et al. (2014) provide a review of contact angle measurements on mica and possible 
sources of conflict in contact angle measurements, including: minor differences in sample preparation, 
contact order (i.e., whether the first substrate contact was by brine or scCO2), contact time, and number of 
incidences of scCO2-substrate contacts. Increases in system pressure, brine salinity, and impurities in fluids 
increase contact angle (away from water-wetting; Iglauer, 2017). Dewetting of smooth silica surfaces in the 
presence of scCO2 has been observed directly in micromodel experiments (Kim et al., 2012). Adhesion of 
CO2 to solid surfaces (with accompanying increases in contact angle) has been well-documented for smooth 
glass (Dickson et al., 2006) and some mineral (Wan et al., 2014) surfaces; and it has been suggested that 
adhesion of scCO2 molecules to surfaces in geologic samples may render scCO2 stable during displacement 
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and increase residual trapping (Wang, Tao, et al., 2013). CO2 adhesion is known to be influenced by pH (a 
function of scCO2 solubility, and therefore pressure-temperature conditions), wetting phase ionic strength, 
and surface roughness (Chiquet et al., 2007; Jung & Wan, 2012; Wang, Edwards, & Clarens, 2013; Wang, Tao, 
et al., 2013); this indicates that different pressure-temperature conditions or different fluid-rock systems will 
result in conflicting emphasis on this effect. There are hysteretic and temporal dependencies to the adhesion 
process as demonstrated by the behavior of CO2-water contact angles on glass slides (Dickson et al., 2006) 
and silica surfaces/powders/films (McCool & Tripp, 2005) during pressurization-depressurization cycles. 
In the experiments of Dickson et al. (2006), contact angles were observed to increase during pressurization, 
and decrease during depressurization, but the values measured during depressurization were consistently 
more CO2-wet than those measured at the equivalent pressure during pressurization; the authors suggest 
that adhesion of CO2 occurs rapidly, but slowly reverses. A return to the original contact angles of the 
surfaces required a week after depressurization for intermediate-wet surfaces (Dickson et al., 2006), and 
a full month for hydrophilic mesoporous surfaces (McCool & Tripp, 2005). We note that quartz and rough 
surfaces have been observed to be less susceptible to adhesion than smooth silica (Wang, Tao, et al., 2013), 
potentially limiting the impact of adhesion in real geologic systems.

In the current study, we provide new experimental evidence of a series of four consecutive drainage-imbibi-
tion cycles with scCO2 and 1.0 M potassium-iodide brine in a Bentheimer sandstone core, conducted under 
similar pressure-temperature conditions as Herring et al. (2016); but in a different experimental apparatus 
with different flow directions, different imaging protocol, and under different duration than those previous 
experiments. Even with the differences in experimental system set-ups, we demonstrate that this experi-
ment supports the previously observed phenomenon of increasing residual trapping for cyclic scCO2-brine 
injections; and further, we show that macroscopic (per-ganglia) contact angle distributions shift toward 
scCO2-wetting conditions as cycle number increases, indicating a transition to a “patchy” mixed-wet state. 
Trends in scCO2 ganglia characteristics compare well to the results of lattice-Boltzmann (LB) simulations 
where solid wettability was altered systematically over multiple drainage-imbibition cycles. The results are 
discussed in the context of the two potential wettability alteration mechanisms described above.

These results suggest that in regions geologic storage formations undergoing multiple drainage-imbibition 
cycles, capillary trapping of scCO2 may be higher than previously suggested. The results also indicate that it 
may be possible to enhance residual trapping in certain geologic-pressure-temperature settings.

2.  Materials and Methods
2.1.  Experimental Setup

Experiments were conducted via a high pressure, high-temperature triaxial flow cell installed within a labo-
ratory-scale helical X-ray microcomputed tomography (CT) imaging instrument at the Australian National 
University CTLab, allowing the entire month-long experimental run to be conducted in situ; some system 
specifications have been previously reported (Øren et  al.,  2019). The flow cell was constructed of avia-
tion grade aluminum alloy (T7000 series) and utilizes an internal Linear Variable Differential Transformer 
(“LVDT”; Solartron Metrology) to monitor vertical core displacement and maintain constant axial stress 
during injections. Two hydraulic oil pumps (Metarock Laboratories) control radial confining and axial flu-
id pressure, and two Hastelloy pumps (Teledyne ISCO) control injection fluids. Stainless steel flow lines 
connect immobile components (e.g., pumps, valve panel, fluid mixer), and PEEK fluid lines connect the 
mobile flow cell (installed on the sample stage within the X-ray CT instrument) to the pumps and effluent 
back-pressure regulator. All injection fluids were introduced at the bottom of the core, combined effluent 
exited from the top. The fluid mixing vessel relies on gravity separation, with ports at the top and bottom to 
allow extraction of low/high-density fluids, and a sight window (BOROFLOAT® 33 Borosilicate Glass) was 
used to monitor fluid levels. The mixer was placed on a standard laboratory magnetic stirrer/heat pad, this 
facilitated vigorous mixing of fluids and provided temperature control; additional heating elements were in-
corporated in walls of the mixer to ensure stable temperature control throughout the vessel. In addition, the 
flow cell, fluid injection pumps, valve panel, and PEEK flow lines are all insulated/temperature-controlled; 
for this experiment, the temperature was maintained at 40°C.

 19447973, 2021, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021W

R
030891 by T

he A
ustralian N

ational U
niver, W

iley O
nline L

ibrary on [13/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

HERRING ET AL.

10.1029/2021WR030891

5 of 22

A Bentheimer sandstone core, 12 mm in diameter and 36 mm tall, was bounded by porous sintered copper 
flow diffusers (to extend the porous matrix and prevent capillary end effects) and stainless steel end-caps on 
both ends and encased in shrinkwrap. O-rings were set on the endcaps and the core assembly was placed 
in the flow cell. The upper cap (outlet end) of the flow cell was then affixed to the cell and the upper float-
ing piston was screw-tightened until the internal LVDT signaled vertical movement of the core of 𝐴𝐴 ≥ 1 μm, 
indicating that the core assembly was flush against both upper and lower pistons. Axial pressure was then 
ramped up to 0.7 MPa/100 PSI; pressurization was conducted using X-ray radiograph live imaging to ensure 
adequate compression of O-rings and confirm structural integrity of the sandstone core. Radial confining 
oil was then pumped to fill the region external to the core assembly, and then to increase the confining pres-
sure on the core; the axial pressure was simultaneously increased at a rate that maintained a constant LVDT 
position. X-ray radiograph live-imaging was used throughout to manually check the pressurization process 
and to confirm no leakage of confining oil into the core.

The “dry” scan of the core was completed under radial confining pressure of 3.4 MPa/500 PSI. After the dry 
scan had completed, gaseous CO2 was flushed through the core to displace the air that was present, and then 
“dead” (i.e., not mixed with scCO2) 1.0 M potassium iodide (KI) brine was pumped through the core at high 
flow rate (2–5 ml/min). Radial confining pressure, axial pressure, and pore pressure were all simultaneously 
elevated (again, while maintaining a constant LVDT position and with visual monitoring via X-ray radio-
graph live-imaging) to working pressure: pore pressure of 8.6 MPa/1250 PSI, radial confining pressure of 
10.3 Mpa/1500 PSI. A low-resolution scan (voxel size 19.7 μm) was acquired to ensure complete saturation 
of the core at this pressurized state; after this, the core was flushed again at low flow rate (0.05 ml/min) with 
25 ml scCO2-saturated 1.0 M KI brine (this “live” brine had been mixed with scCO2 under working temper-
ature and pressure for 𝐴𝐴 𝐴 48 h), and another low-resolution scan was acquired to again confirm complete sat-
uration of the core with brine. At this point, drainage (scCO2 injection)-imbibition (brine injection) cycles 
commenced, with radiograph-based time-lapse sequences acquired during pumping and a full 3D high-res-
olution Region-of-Interest (“ROI”) scan (Huang et al., 2021; Latham et al., 2008, 2018; Myers et al., 2011) 
acquired at the endpoint of every flow process (i.e., after cessation of flow and at least one hour of equilibra-
tion time). The imbibition flow rate was chosen to approximate the capillary number of the experiments of 
Herring et al. (2016), assuming the conventional macroscopic definition 𝐴𝐴 𝐴𝐴𝐴𝐴 = 𝜇𝜇×𝑣𝑣

𝜎𝜎
 ; where μ is the invading 

fluid viscosity, v is the invading fluid interstitial velocity, and σ is the scCO2-brine interfacial tension; note 
that this corresponds to a relatively high injection flow rate for a geologic injection. Volume, flow rate, scan 
properties, and nomenclature details for each stage of the experiment are provided in Table 1.

2.2.  3D X-Ray CT Data Processing and Morphological Phase Characterization

The raw gray scale tomographic data volumes for all SI (“initial”, postdrainage) and SR (“residual”, post-im-
bibition) scans were first registered to the dry tomographic data set to allow direct and precise comparison 
of phase distributions in each data set. Data volumes were cropped to a central region, and gray scale inten-
sity variation (due to beam hardening and attenuation distortion due to high-density flow diffusers at the 
core ends) was corrected in radial and vertical directions. The dry scan was segmented into three phases 
(pore, solid grains, and clays) using converging active contours “CAC”) segmentation routines (Sheppard 
et al., 2004). Four-phase segmentation (scCO2, brine, solid grains, and clays) was accomplished by overlay-
ing the phase-labeled dry data set on all the registered SI and SR data volumes, and performing a final addi-
tional CAC routine to distinguish between scCO2 and brine, only on the regions labeled “pore” in the dry 
data set (e.g., Figure 1c). The CAC thresholds were consistently calculated for each SI and SR data volume 
based on the positions of “peaks” in the gray scale histograms as measured for each tomogram. Speckle 
noise removal was accomplished by removing scCO2-labeled clusters smaller than 268 voxels (equivalent 
to a sphere with a radius of 15.0 μm), and also by removing any isolated inclusions from within the scCO2 
phase. The final data volumes used for quantitative analysis were cylinders with a diameter of 8.14 mm 
and a height of 27.3 mm, equivalent to a physical volume of 1,420 mm3 (or 2.69 × 1010 voxels); and had an 
image-based porosity of 21.3% (consistent with laboratory measurements of Bentheimer sandstone (Peksa 
et al., 2015, 2016). Calculation of scCO2 volumes and pore space occupancy characteristics was performed 
for all SI and SR scans; detailed morphological analysis was performed for SR scans, including interfacial ar-
eas with rock and brine phases (Ohser & Mücklich, 2001), and scCO2-brine interface curvatures and scCO2 
topological metrics as described further below.
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Experimental system properties

Parameter Value

Pore pressure 8.6 MPa/1250 PSI

Radial confining pressure 10.3 MPa/1500 PSI

Temperature 40°C

Drainage flow rate 0.388 ml/min

Imbibition flow rate 0.388 ml/min

Pore volume 0.87 ml

X-ray energy 120 keV

X-ray current 60 μA

ROI scans

Voxel size 3.75 μm

Scan time 22.2 hrs

Field of view (x, y, z) 10.8, 10.8, 32.5 mm

Low-res scans

Voxel size 19.7 μm

Scan time 2.6 hrs

Field of view (x, y, z) 27.5, 27.5, 33.0 mm

Fluid and flow properties

Parameter Experimental LB simulation

scCO2 viscosity 0.03 mPa-s -

Brine viscosity 0.65 mPa-sa -

Viscosity ratio 0.05 0.2

Interfacial tension ≈35 mN/mb 30 mN/m

Imbibition capillary number 10−5.3 10−4

Imaging sequence

Process Injection details Scan label Scan type

Dry scan Dry ROI

Original saturation 180 ml dead brine SO,D Low-res

Original saturation 25 ml live brine SO,L Low-res

Drainage 1 44 ml scCO2 SI,1 ROI

Imbibition 1 25 ml live brine SR,1 ROI

Drainage 2 25 ml scCO2 SI,2 ROI

Imbibition 2 25 ml live brine SR,2 ROI

Drainage 3 25 ml scCO2 SI,3 ROI

Imbibition 3 25 ml live brine SR,3 ROI

Drainage 4 25 ml scCO2 SI,4 ROI

Imbibition 4 25 ml live brine SR,4 ROI

Note. ROI, region-of-interest.
aApproximated based on viscosity of pure water at 40°C. bInterpolated from Bachu and Bennion (2008).

Table 1 
Experimental, Lattice-Boltzmann (LB) Simulation, and Imaging Parameters
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To measure interface curvatures, we follow the protocol described by Herring et al. (2017): the segmented 
data was used to identify the locations of scCO2-brine interfaces and map them back to the original tomo-
grams, then, curvatures were measured at cloud points generated from the gradient of gray scale intensities 
at those interface locations. Cloud points within a distance of two voxels from the solid surface were ne-
glected, and cloud points farther from the solid surface within a given cloud were given a higher weighting; 
these constraints help reduce errors associated with imaging deficiencies and artifacts at the three-phase 
contact line. The mean curvature of the interface (κ) was calculated as the average of the two principle 
curvatures of the interface.

The topology of the scCO2 ganglia in SI and SR scans was quantified for 1,5003 voxel subsections of the data 
via persistent homology analysis using the open-source program Diamorse (Delgado-Friedrichs et al., 2015). 
This analysis provides quantification of topological features (e.g., β0, the number of isolated components, 
and β1, the number of loops or redundant interconnections within the scCO2 ganglion, β2 the number of 
inclusions or holes within a phase) as well as the critical length scales of these features (Herring et al., 2019; 
Robins et al., 2015). In this analysis, we focus on the number and size characteristics of the β1 loops formed 
by the scCO2 phase after drainage and imbibition.

2.3.  Deficit Curvature and Macroscopic Contact Angle Analysis

Characterization of the macroscopic wettability state of the sample after successive drainage-imbibition 
cycles was accomplished via calculation of deficit curvature (Sun, McClure, Mostaghimi, Herring, Berg, 

Figure 1.  Example of X-ray computed tomography (CT) data combination and processing; illustrated by 2D cross-sectional slices (top row) and zoomed-in 
regions (bottom row). Tomograms of the dry sample (a) and the sample after three drainage-imbibition cycles with scCO2 and brine, SR,3, (b) were aligned. The 
phase-labeled data for the dry data set was overlain on the SR,3 tomogram, and the scCO2 and brine phases were then labeled and denoised to produce the four-
phase “segmented” SR,3 data volume (c) that provides the basis for quantitative measurements.
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Armstrong, 2020; Sun, McClure, Mostaghimi, Herring, Meisenheimer, et al., 2020; Sun et al., 2019). This 
analysis was performed on a subsection of each data volume equivalent to a cube of 7003 voxels from the 
vertical center of the full data volume, and only for residual ganglia for which the Euler characteristic, χ, is 
equivalent to 1. This method is based on the Gauss-Bonnet theorem, which links the topology of an object 
to its total curvature; for an object with known topology (i.e., χ = 1), the value of total curvature (equivalent 
to the sum of the Gaussian curvature of the object surface and the geodesic curvature along the contact line) 
can be analytically determined. The Gaussian curvatures of the ganglion-fluid and ganglion-solid surfaces 
are measured from the imaged data, and the deficit between the analytic and measured values, termed the 
deficit curvature, is equivalent to the sum of the geodesic curvatures along the contact line. The deficit cur-
vature value thus represents a macroscopic contact angle for each ganglion (e.g., rather than an average of a 
series values measured at discrete points along the contact line) and is less susceptible to pixelation effects at 
the three-phase line. In addition, this method is not biased by the number of interface points: ganglia with 
low and high numbers of interface points are all weighted equally.

2.4.  Lattice-Boltzmann Simulation

We simulated wettability alteration during drainage-imbibition cycles using the LB method. The LB meth-
od is a numerical method for solving the Navier-Stokes equations (Chen & Doolen,  1998; Succi,  2001); 
here, we used a multi-relaxation time color LB model described by McClure et al. (2014). The validation 
of this LB implementation has confirmed that computed static and dynamic contact angles are consistent 
with existing slip models, and interfacial and contact line dynamics can be accurately recovered (McClure 
et al., 2016).

Three consecutive drainage-imbibition cycles with fluid-solid LB relaxation properties approximating 
scCO2 and 1.0 M KI brine (see Table 1) were simulated in a 5003 voxels subsection of the Bentheimer sand-
stone “dry” data volume, starting with an initial universal solid contact angle of 55° (i.e., similar to the 
contact angle of 54° previously reported for air-KI brine in Benteheimer Sun, McClure, Mostaghimi, Her-
ring, Berg, Armstrong, 2020). Two significant deviations from experimental conditions were implemented: 
to preserve stability of the LB model, the viscosity ratio (𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 /μbrine) was set to a value 4 × larger than the 
experimental value; and to ensure timely convergence of the simulated flow processes, the flow rate was set 
to an increased value such that the capillary number of the imbibition process was an order of magnitude 
larger than the experimental condition. Impacts of these deviations are discussed in Section 3.5.

The transition to a “patchy” mixed-wet state was approximated by a step-wise contact angle alteration (Fig-
ure 2). First, the drainage and imbibition stages were completed under the criteria and settings described 

Figure 2.  2D Slices from 3D subset comprising the lattice-Boltzmann simulation domain. The initial drainage-imbibition cycle was simulated in the 3D 
sandstone geometry comprised of pore space and water-wet (contact angle of 55°) solid sandstone (a), resulting in the first cycle residual scCO2 distribution (b). 
Based on the residual scCO2 distribution, regions of the solid surface adjacent to scCO2 clusters (≤5 voxels distance) were identified and modified to become 
CO2-wetting surfaces (c) for the subsequent drainage-imbibition cycles.
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above. At the residual state, any regions of solid surface within 5 voxels distance to scCO2 phase was relabe-
led as weakly scCO2-wet (contact angle of 125°, indicated in blue in Figure 2c). Starting from this residual 
end point fluid distribution and with the modified mixed-wet surface condition, the second drainage-im-
bibition process was simulated (again as described above). At the second residual state, the contact an-
gle modification procedure was repeated again (preserving the scCO2-wetting labels from the first residual 
state); and the third and final drainage-imbibition process was simulated.

3.  Results and Discussion
We first present experimental results in terms of core volume-averaged measurements (Section 3.1), pore-
scale fluid occupancy (Section 3.2), ganglia geometry and topology (Section 3.3), and macroscopic contact 
angles (Section 3.4). Then, we will compare these trends to the LB simulations (Section 3.5). Finally, we dis-
cuss these results in the context of the previously described wettability alteration mechanisms (Section 3.6) 
and compare to results of previous studies (Section 3.7).

3.1.  Core-Averaged Experimental Results

Experimentally measured pressure curves and the trapping curve for all drainage (scCO2 injection) and 
imbibition (brine injection) flows are shown in Figure 3.

Pressure is elevated for the first scCO2 injection and gradually reduces for all subsequent injections; in 
contrast, the pressure increases as cycle number increases for brine injections. Pressure in the experimental 
system is recorded at the transducer in the injection pump, and is, therefore, an absolute value representing 
the pressure drop throughout all flow lines, valves, and the core.

Initial (post-scCO2 injection) vs. residual (post-brine injection) saturation values are shown on the conven-
tional trapping curve format in Figure 3 along with a standard trapping curve using Land model coefficients 
(c) equal to 2.5 and 5 for illustration (compare to the value of 2.52 reported by Øren et al., 2019). As antic-
ipated, the experimental results do not conform to smooth trapping curves exemplified by the Land model 
(Land, 1968); indicating deviance from conventional multiphase trapping theory.

3.2.  Experimental Flow Patterns and Fluid Occupancy

Visualization of the central vertical cross-section of the sample after all scCO2 injections (“initial” states) 
and all brine injections (“residual” states) demonstrate the evolution of pore-scale scCO2 occupancy (Fig-
ure 4). Initial scCO2 ganglia are well distributed throughout the core (albeit at varying total saturation); in 
contrast, residual scCO2 ganglia are essentially nonexistent in the first cycle; radially biased away from the 
center of the core in the second cycle, and gradually start to trap in central regions during the third and 
fourth cycles. This distribution is potentially due to the relatively high flow rate combined with the geom-
etry of the core and core holder apparatus (i.e., zero wall flow, leading to higher levels of brine flushing in 
the central region of the core.).

Residual saturation after the first cycle is approximately 0%; we attribute this to the relatively high flow rate 
of imbibition (log Ca = −5.3). The low residual saturation is similar to the results of Herring et al. (2016), 
who also showed SR,1 near 0% for the first cycle (for experiments conducted at similar capillary number), 
and Dalton et al. (2020) who observed SR,1 of approximately 6% (capillary number unreported). The low 
residual scCO2 saturation values are in-line with recent experiments that have shown that desaturation 
(mobilization) for a well-connected initial phase (such as is the case in this experiment) occurs at capillary 
number an order of magnitude lower relative to the progressive desaturation of a disconnected fluid phase 
(Hu et al., 2020). We note that dissolution is possible, but unlikely, given the fluid mixing protocol and pres-
sure-temperature uniformity of the experimental apparatus.

Pore network representations of the dry and scCO2-occupied pore spaces were extracted using persistent-ho-
mology-based labeling via Diamorse for 1,5003 voxels cubed subsections of the full data. The extracted net-
works (Figure 5) show that scCO2 tends to occupy smaller pore bodies and smaller pore throats as cycling 
progresses. Occupancy is expected to shift to smaller regions for higher scCO2 saturation as scCO2 invades 
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into regions with higher capillary pressure thresholds; we do observe occupancy shifts to smaller regions, 
however, we observe that interface mean curvature (a measure of capillary pressure) actually decreases as 
cycle’s progress. This will be further presented and discussed in the next section.

3.3.  Geometric and Topological Ganglia Characterization

Residual scCO2 ganglia size distributions over cycles two-four are shown in Figure  6. As cycle number 
increases, the total number ganglia increases. There are relatively large ganglia present after cycle two, the 
size distribution shift toward smaller ganglia in cycle three, and do not change thereafter.

Topology of the scCO2 phase was investigated via persistent homology, and the persistence diagrams of 
β1 features (redundant connections, or loops) are shown in Figure 7. For full interpretation of persistence 
diagrams, the reader is referred to previous work (Herring et al., 2019; Robins et al., 2015); the key features 
are highlighted here. As cycling progresses, the number of loops formed by scCO2 increases; this occurs for 

Figure 3.  Experimentally measured pressure profiles during scCO2 (top row) and brine (middle row) injections, and 
scCO2 saturations for all stages as presented on the trapping curve (bottom row).
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both SI and SR states. As cycles progress, the β1 birth value distributions shift closer to 0, indicating that the 
thinnest sections of each loop (i.e., the smallest throat that the loop is formed through) shift to smaller radii. 
The death value distributions (measuring to the radius of the obstacle each loop encompasses) also shift 
closer to 0, indicating that the loops are contracting. These observations complement the network statistics 
analysis presented above; both analyses show that scCO2 invades smaller pore spaces as cycling progresses; 
the persistent homology analysis provides additional information on the number and span of loop struc-
tures formed by scCO2 phase.

Additional averaged volumetric and geometric characterization of the residual scCO2 in experiments are 
shown in Figure  8. Residual saturation and trapping efficiency (residual saturation normalized by the 
previous initial saturation, SR/SI) increase with cycle number. Average CO2-brine interface means curva-
ture decreases with cycle number, indicating that capillary trapped scCO2 bubbles exist at lower capillary 

Figure 4.  Top row: 2D vertical cross-sections of the Bentheimer sample at the end of scCO2 injection processes; bottom 
row: cross-sections at the end of chase brine injections. Different phases are color-labeled: scCO2 in black, brine in teal, 
and solid sandstone grains and clays in gray.
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Figure 5.  Pore space characteristics of the dry sandstone sample (top row) and the spaces occupied by scCO2 after drainage (*middle row) and imbibition 
(bottom row) measured from experimental tomographic images.

 19447973, 2021, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021W

R
030891 by T

he A
ustralian N

ational U
niver, W

iley O
nline L

ibrary on [13/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

HERRING ET AL.

10.1029/2021WR030891

13 of 22

pressure (on average); while the apparent fraction of scCO2 surface area 
that is comprised of the interfacial area between rock and scCO2 increas-
es (wettability-altered samples exhibit increases in rock-scCO2 interfacial 
area as per Garfi et  al.,  2020). Values for the first cycle residual scCO2 
ganglia are not included, because the low saturation (≈0.0%) predicates 
that these values are dominated by only very small features assumed to 
be nonrepresentative.

Again, we highlight that scCO2 invades smaller pore spaces (as quantified 
by network-based phase occupancy, and also the persistent homology top-
ological analysis) even while interface mean curvature (proxy for capil-
lary pressure) decreases for residual ganglia. Inspection of the full experi-
mental series highlights that (somewhat counter-intuitively) scCO2 phase 
connectivity and trapping both increases as the experiment progresses, 
supporting the results of previous experiments (Herring et al., 2016).

3.4.  Macroscopic Contact Angle and Gaussian Curvature of 
Ganglia Interfaces

The per-ganglia distribution of macroscopic contact angles (θmacro) meas-
ured on residual data subsets is shown in Figure  9; only topologically 
simple ganglia (χ = 1) for cycles two through four were included in this 
analysis (there were insufficient residual ganglia present in the first cy-

cle). The contact angle distributions shift to a less water-wet state (larger θmacro) as cycle number increases: 
the peak of the distributions of macroscopic contact angle value increases by approximately 15° from cycle 
two to cycle four. In addition, numerous instances of ganglia residing at scCO2-wet contact angles (𝐴𝐴 𝐴 90𝑜𝑜 ) 
are observed during cycles three and four.

The macroscopic contact angle analysis clearly indicates that the wettability of the sandstone surface 
evolves toward a mixed-wet state with higher contact angles as the experiment progresses.

3.5.  Lattice-Boltzmann Simulation

The LB simulation was conducted on a smaller subset of data with some significant deviations from exper-
imental conditions, as described in Section 2.4. However, the simulations do reproduce some trends ob-
served in experiments. Pressure curves and the trapping curve for all simulated drainage (scCO2 injection) 
and imbibition (brine injection) flows are shown in Figure 10 (compare to Figure 3). The LB-simulated pres-
sure profiles follow the same trends with cycle numbers as the experimental pressure measurements; that 
is, for consecutive drainage processes scCO2 pressure decreases, while for consecutive imbibition processes 
brine pressure increases. We note that the experimental measurements are absolute values and represent 
the pressure drop through the entire experimental apparatus, whereas the pressure measured in the LB 
simulation is a differential measurement between the inlet and outlet of the subsample, only across the 500 
voxel simulation domain.

Also similarly to the experimental data, the scCO2 saturation values measured from LB simulation end-
points do not produce a classic trapping model curve as shown in Figure 10; but neither does the LB simula-
tion reproduce the experimentally observed scCO2 saturations. The relatively high initial scCO2 saturations 
achieved during LB drainage simulations are likely due to the high viscosity ratio used in LB simulations 
(10 × larger than that in experiments, see Table 1), and the residual saturation values are potentially sup-
pressed due to the high imbibition capillary number of simulations an order of magnitude larger than that 
calculated for experiments, see Table 1. In addition, we suspect that the wettability alteration applied in 
simulations over-estimates the coverage and magnitude of wettability alteration manifest in experiments.

We also measured the average geometric characteristics of the residual scCO2 ganglia (Figure 11). Again, the 
saturation trends do not follow the trends observed in experiments; however, the trends in interface mean 
curvature and scCO2-solid interfacial area agree. The exact values of these parameters are not reproduced 

Figure 6.  Histograms of residual ganglia size for cycles two through four 
measured from experimental tomographic images.
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Figure 7.  Persistence diagrams of β1 features created by scCO2 ganglia in the initial (top row) and residual (bottom row) scans. The first residual scan, 𝐴𝐴 SscCO2 , R1 
is omitted due to insufficient presence of scCO2.
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between experiment and LB simulation (likely due to the discrepancies 
between experiment and simulation mentioned above), but the similarity 
in trends indicates that the surface modification modeled in LB simula-
tion could produce the changes in ganglion characteristics observed in 
experiments.

In general, the size of residual ganglia observed in experiments tend to be 
much larger than those measured in LB simulation results (LB size dis-
tributions included in the Supporting Information S1); this is potentially 
an impact of the higher capillary number used in LB simulations (higher 
capillary number is correlated with smaller residual ganglia, e.g., Chatzis 
et al., 1988).

3.6.  Wettability Alteration Mechanisms

The wettability alteration mechanisms mentioned in Section 1 occur on 
length scales much smaller than the resolution of the image data present-
ed here, so we are unable to provide direct evidence of either mechanism. 
We have conducted additional mineralogical analyses (details in the Sup-
porting Information S1) that provide some additional, albeit limited, in-
sight into the potential cause of wettability transition.

Figure 8.  Volumetric and geometric characteristics of residual scCO2 ganglia over multiple injection cycles measured 
from experimental tomographic images. Data points represent mean values; for quantities that exist on a distribution, 
bars represent the range between the first and third quartiles.

Figure 9.  Macroscopic (per ganglion) contact angles (measured on 
experimental residual data subsections for cycles 2, 3, and 4). The 
distributions shift to higher mean contact angle as cycle number increases, 
with some ganglia exhibiting scCO2-wet behavior for cycles 3 and 4.
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3.6.1.  Fines Migration

The Bentheimer sandstone samples investigated here are relatively clean sandstones comprised of approx-
imately 95% quartz, with only small amounts of mineral phases susceptible to surface alteration or fines 
migration. Mineralogical EDX-BSE analysis conducted on an “unaltered” core and a sister core exposed 
to multiple cycles of scCO2 and brine did not show significant differences in clay presence or morphology 
(mineralogical analysis presented in Supporting Information S1). Additionally, we do not observe injection 
pressure behavior representative of decreased permeability due to formation damage (i.e., while brine pres-
sure slightly increases with cycle number, scCO2 injection pressure decreases with cycle number). Thus, we 
do not find significant evidence that the observed transition to a “patchy” mixed-wet state can be attributed 
to fines migration or formation damage in this specific scCO2-1.0 M KI brine-Bentheimer system, under 
these state conditions.

Figure 10.  Pressure profiles during simulated scCO2 (top row) and brine (middle row) injections, and scCO2 
saturations for all stages as presented on the trapping curve (bottom row).
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3.6.2.  scCO2 Adhesion

While scCO2 adhesion to surfaces has been previously observed, the mechanism is not fully understood. As-
suming that the impact of adhesion can be approximated by a transition to scCO2-wet contact angles on sol-
id surfaces near scCO2 ganglia, the LB simulations investigated in this study approximate a system impacted 
by scCO2 adhesion. The wettability modification scheme applied in our LB simulations likely over-esti-
mates the magnitude and coverage of contact angle change. Even so, the simulation results (in terms of 
pressure curves, mean curvature, and fractional scCO2-rock interfacial area) exhibit the same trends as the 
experimental results. The exact values of these parameters are not reproduced between experiment and LB 
simulation (likely due to the discrepancies in viscosity and capillary number between experiment and sim-
ulation, and potentially over-application of contact angle increase and coverage), but the trends for these 
measurements show good agreement, indicating that the surface modification modeled in LB simulation 
could produce the changes in ganglion characteristics observed in experiments. Refinement of model pa-
rameters and wettability modification could improve the comparison.

3.7.  Comparison With Previous Studies

The results presented here support previous studies reporting increased residual trapping over cyclic sc-
CO2-brine injections, but there are some discrepancies. For example, Abdoulghafour et al. (2020), Herring 
et al. (2016), and Herring, Wildenschild, et al. (2018) reported that the size distribution of ganglia shifted 
to larger volumes as cycle number increased, whereas the Bentheimer cores of Dalton et al. (2020) do not 
show changes in ganglia size distribution; and the results presented here show a decrease in ganglia size 
from the second cycle to the third and insignificant changes in ganglia size distribution thereafter. The cores 
used in experiments in Herring et al. (2016) and those investigated here are sister cores from the same larger 

Figure 11.  Volumetric and geometric characteristics of residual scCO2 ganglia over multiple injection cycles measured 
from lattice-Boltzmann (LB) simulations. Data points represent mean values; for quantities that exist on a distribution, 
bars represent the range between the first and third quartiles.
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block of Bentheimer sandstone, and significant differences in mineral composition or distribution are not 
expected. Rather, we suggest that the difference in observed ganglia size is potentially due to differences in 
experimental set-up; for example, Herring et al. (2016) and Herring, Wildenschild, et al. (2018) used a “po-
rous plate” configuration (i.e., semipermeable hydrophilic membrane placed at the base of the core, brine 
was withdrawn or injected from the bottom of the core while scCO2 was held at constant pressure and al-
lowed to enter/leave the core via the upper endcap), while Dalton et al. (2020) and the current experimental 
set-up both use “coinjection” core holders (i.e., injection ports for both fluids at the bottom of the core and 
a combined effluent line exiting at the top of the core). The difference in configuration leads to different 
(absolute) pressure behavior, that is, for drainage in a porous plate set-up the brine pressure is decreased 
while scCO2 pressure is held constant (and so pore pressure is always 𝐴𝐴 ≤ 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2  = 8.6 MPa/1,250 PSI), where-
as for a coinjection system the scCO2 and brine pressures (and correspondingly, total pore pressure) are 
increased during both drainage and imbibition (i.e., pore pressure always ≥8.6 MPa/1,250 PSI in the current 
experiment). Both experimental systems eventuate shifts in capillary pressure, but to different extent; this 
could cause differences in the pore spaces exposed to scCO2 adhesion and result in slightly different ganglia 
characteristics and level of residual trapping between experiment types.

Ge et al. (2022) reported that fines migration (induced via original saturation with CO2-saturated water) 
increased residual saturation of scCO2 relative to core flooding experiments where fines migration is un-
likely to occur (i.e., cores originally saturated with water not equilibrated with scCO2); the authors of that 
study attributed the elevated trapping to pore throat blockage by fines. We note that the original saturating 
fluid (unsaturated vs. saturated with scCO2) would also likely impact whether adhesion might occur. While 
we did not directly observe evidence of pore throat blockage in this experiment, higher-resolution imaging 
might further elucidate this issue.

Adhesion is likely to be highly dependent on aqueous chemistry parameters; this indicates that experiments 
conducted under different state conditions or with different aqueous compositions (e.g., Garing & Ben-
son, 2019; Ruprecht et al., 2014; Saeedi & Rezaee, 2012) may not exhibit adhesion nor associated changes in 
capillary pressure, or residual trapping and evolution of ganglia characteristics. If adhesion is pressure-sen-
sitive, as indicated by Dickson et al. (2006), then depressurization and vacuum treatment of cores prior to 
flow experiments (e.g., as was conducted in the experiments of Garing & Benson, 2019) might reverse the 
adhesion and return the rock surface to an unaltered state.

Another difference between the study of Ruprecht et al.  (2014) and the current study is that the former 
study utilized fired cores, intended to prevent clays from swelling with fluids. While we did not observe 
changes in clay presence or morphology due to cycling, it is possible that the firing of cores (particularly for 
different sandstones) might result in significantly different starting surface conditions leading to different 
behavior in the two experimental systems. The study of Garing and Benson (2019) demonstrated that firing 
does not have an impact on the measured capillary pressure-saturation relationship for primary drainage 
of scCO2 in Berea sandstone; however, note that water (not brine) was used as the wetting fluid in those 
experiments and the impact of flow processes beyond primary drainage was not investigated.

Previous studies have shown that residual trapping is significantly reduced in mixed-wet media, com-
pared to uniformly water-wet conditions (Alhammadi et al., 2017; Al-Menhali & Krevor, 2016; Al-Menhali 
et al., 2016; Blunt, 1998; Singh et al., 2016). In these previous studies, enhanced mobility of the non-aqueous 
phase was attributed to connective layers enabled by the mixed-wetting pattern of the media. We do not 
observe connected scCO2 layers in our experimental results, indicating that the CO2-wet regions in this sys-
tem are sufficiently disconnected so as to prevent the formation of connected pathways, that is, the system 
observed here has a “patchy” mixed-wettability state where the scCO2-wet regions are discontinuous.

4.  Conclusions
We have presented X-ray tomography image-based results from an experiment of four drainage-imbibition 
cycles with scCO2 and brine in Bentheimer sandstone, and demonstrated that measured pressure shifted 
and residual trapping increased with cycle number. ScCO2 ganglia characteristics (surface areas, fluid-flu-
id mean and Gaussian curvatures, topological measures) also progressively changed with cycle number. 
Network and persistent homology analysis showed that scCO2 ganglia occupied smaller pore throats and 
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bodies, and formed increasing numbers of loops as cycling progressed; even as interface mean curvature 
decreased. Deficit curvature analysis indicated a shift in macroscopic contact angle distributions over the 
course of the four cycles, with histogram peaks increasing by ∼15° from cycle two to cycle four.

The quantitative experimental measurements indicate that this scCO2-brine-Bentheimer sandstone system 
undergoes a transition to a mixed-wet state over the course of four drainage-imbibition cycles. However, in 
contrast to some other experimental work where mixed-wet media exhibit a reduction in residual trapping, 
this system shows significant increases in residual trapping. LB simulations approximating a transition in 
wettability to a “patchy” mixed-wet state where the CO2-wet regions are discontinuous produce similar 
trends in geometric properties of residual scCO2 ganglia compared to experimental results. Thus, we pro-
pose that the results of the experiments presented here indicate a transition to a patchy mixed-wet state that 
results in increased residual trapping of scCO2.

We cannot directly determine the cause of wettability alteration from these experiments. We did not ob-
serve significant evidence of fines migration or formation damage in this study. The LB simulation results 
indicate that it is possible that CO2 adhesion in regions local to residual scCO2 ganglia could produce the 
results observed here. Both of these mechanisms are likely to be impacted by state conditions and brine 
composition, as well as the presence of other minerals, especially if fines are present and are mobilized. 
Parametric studies incorporating characterization of both of these surfaces chemistry processes should be 
a priority in future experiments.

If the wettability alteration observed herein is indeed representative of geologic reservoir responses, safe 
and effective storage of scCO2 via residual trapping may play a larger role than current estimates suggest. 
Furthermore, if the mechanism(s) underlying the observed wettability alteration can be fully pinned-down, 
there is potential that injection conditions could be manipulated in engineered sequestration operations to 
deliberately increase residual trapping.

Data Availability Statement
Imaged data were scanned at the “National Laboratory for X-ray Micro Computed Tomography (CTLab)” 
based at the Australian National University (ANU) using a HeliScan MicroCT system. Segmented 3D vol-
umes are publically available via the ANU data commons at https://datacommons.anu.edu.au/DataCom-
mons/item/anudc:6119 (DOI: https://dx.doi.org/10.25911/6181fc5c9b8ed).
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