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Key Points:

« Positron emission tomography elucidates solute transport behavior during spon-
taneous imbibition in heterogeneous porous media.

e In the presence of solute concentration gradients, solute is advected into low per-
meability zones during spontaneous imbibition.

 Solute advection into low permeability zones during imbibition is greater with stronger

permeability heterogeneity.
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Abstract

Multiphase flows in porous media—and the associated solute transport processes—are
controlled by a combination of gravity, capillary, and viscous forces. Geologic heterogene-
ity influences flow and transport processes, yet gaps exist in our understanding of how
heterogeneity impacts capillary-driven transport, such as during spontaneous imbibition.
Here we use positron emission tomography, combined with a newly developed method
for conducting spontaneous imbibition experiments, to observe solute transport into low
permeability regions during imbibition. Using an experimentally parameterized 2D nu-
merical model, we demonstrate how capillary-driven flow near the imbibition front can
carry solutes into low permeability regions. This process displaces solutes from high per-
meability zones while the cumulative amount of solute in low permeability zones increases—
opposite of what is observed under fully saturated solute transport conditions. These
results highlight the complex flow and solute transport behavior that arise during mul-

tiphase displacements in heterogeneous geologic porous media.

1 Keywords

spontaneous imbibition, contaminant transport, multiphase flow, positron emission

tomography, X-ray computed tomography

2 Plain Language Summary

Solutes and contaminants dissolved in a fluid, such as water, are carried along with
the fluid as it migrates in the subsurface. In some subsurface settings, there are multi-
ple fluids present. For example, above the water table a zone of soil and rock has pores
filled with different fractions of water and air; in geologic carbon storage reservoirs the
rock has pores filled with different fractions of supercritical CO2 and brine. The nature
of the geologic setting controls how these fluids displace one another in the subsurface.
In this study, we perform experiments that are quantified with medical imaging tech-
niques to study how solutes are carried with water during a specific type of displacement
process known as spontaneous imbibition. These imaging techniques allow us to see in-
side geologic rock cores and monitor solute migration and immobilization processes. Re-
sults of the experiments and associated mathematical modeling highlight a mechanism

of solute immobilization that is unique to the process of spontaneous imbibition. These
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results may help explain why some contaminants can be immobilized for extended pe-

riods of time before reaching groundwater supplies.

3 Introduction

Solute transport during multiphase fluid displacement is an incredibly complex yet
ubiquitous phenomenon, controlling processes such as contaminant transport in the cap-
illary fringe (Silliman et al., 2002), the transport of dissolved species in fractured geother-
mal reservoirs, and the evolution of aqueous chemical gradients in geologic carbon stor-
age reservoirs. Spontaneous imbibition is a specific multiphase displacement process driven
by capillary forces in a porous medium. These capillary forces arise from the pore-scale
properties of a porous media such as pore geometry and local wetting conditions (Bartels
et al., 2019). If a solute or dissolved species is present in the imbibing wetting fluid, the

solute transport and mixing processes will be controlled by the capillary-driven flow field.

Heterogeneity is an inherent characteristic of geologic materials that is expressed
as variability in porosity and permeability in single phase, fully saturated conditions (Koltermann
& Gorelick, 1996). Under heterogeneous fully saturated conditions, conservative solutes
are preferentially transported through higher permeability regions where there is lower
resistance to flow and thus advective velocities are higher (Dogan et al., 2014). Solute
transport into low permeability zones, where advective velocities are lower, is driven by
a combination of advection, dispersion, and diffusion, depending on the strength and na-

ture of the heterogeneity (Huang et al., 1995; Kurotori et al., 2019).

In addition to porosity and permeability heterogeneity, capillary heterogeneity can
have a strong impact on multiphase flow under partially saturated conditions (Ross, 1990).
Capillary heterogeneity describes the differences in capillary pressure characteristic curves
and capillary entry pressure that are the result of spatial variations in pore size distri-
bution throughout a porous media (Brooks & Corey, 1966; Zahasky et al., 2020). Field
observations, experiments, and numerical models have highlighted the influence that cap-
illary heterogeneity can have on multiphase displacement processes across spatial length
scales (Poulsen & Kueper, 1992; Ringrose et al., 1993; Schliiter et al., 2012; Li & Ben-
son, 2015; Debbabi et al., 2017; Jackson & Krevor, 2020; Lu et al., 2020). During spon-
taneous imbibition, capillary heterogeneity may destabilize the imbibition front due to

more rapid imbibition into regions of a porous medium with higher capillary pressure.



75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

[

95

96

97

98

929

100

101

102

103

104

105

106

However, this is strongly coupled and potentially counteracted by the local effective per-

meability and corresponding viscous resistance to imbibition (Ashraf & Phirani, 2019).

Viscous forces, arising from the frictional resistance of flowing viscous fluids, may
suppress capillary or gravity-driven fluid saturation variations during multiphase displace-
ment processes. This viscous suppression in a porous medium occurs when there are larger
pressure gradients in the upstream displacing fluid than in the less viscous fluid being
displaced. This viscous suppression is more likely to occur when a higher viscosity fluid
displaces a lower viscosity fluid (Homsy, 1987). The viscosity of water is approximately
two orders of magnitude greater than the viscosity of air. In systems with water displac-
ing gas, this viscosity contrast can generate viscous pressure gradients that may over-
ride gravitational forces and capillary heterogeneity—leading to uniform displacement
fronts. The stability of interfaces resulting from a high-viscosity fluid displacing a less
viscous fluid have been studied at a range of scales from microfluidics (Al-Housseiny et
al., 2012; Rabbani et al., 2018) to rock cores (Zhao et al., 2017; Zahasky & Benson, 2019)
and Hele-Shaw cells (Saffman & Taylor, 1958). For an extensive review of this process

and mathematical details see (Homsy, 1987; Woods, 2014).

The water saturation distribution in unsaturated porous media is thus controlled
by a complex balance of gravity and viscous forces and the capillary pressure character-
istics of the porous media. Understanding the coupled multiphase and solute transport
behavior under heterogeneous unsaturated conditions is key to describing processes such
as contaminant migration through the unsaturated zone (Weber et al., 2017; Lyu et al.,
2018; Guo et al., 2019), migration and partition of nonaqueous phase liquids in aquifers
(McCarthy & Johnson, 1993; Werner & Hohener, 2002), and the evolution of aqueous
chemical and brine gradients in geologic carbon storage reservoirs (Green & Ennis-King,
2010; MacMinn et al., 2012). Despite significant advances in descriptions of the multi-
phase behavior of these processes, major gaps exist around our understanding of cou-
pled aqueous solute transport and multiphase processes in heterogeneous geologic sys-

tems (National Research Council, 2000; Berkowitz et al., 2004; Hasan et al., 2020).

In this study, we use positron emission tomography and X-ray computed tomog-
raphy imaging, combined with a recently developed method for conducting spontaneous
imbibition experiments (Zahasky & Benson, 2019), to quantify the dynamic changes in

solute concentration distribution in the aqueous wetting phase when driven entirely by
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capillary forces. These in situ imaging and experimental methods provide observations
of the coupled processes of spontaneous imbibition and solute transport that have not
been previously possible in geologic materials. A 2D numerical model is used to illus-
trate how imbibition-driven flow orthogonal to the direction of imbibition can lead to
strong spatial variability in solute distributions across the imbibition front. Specifically,
elevated solute concentrations in low permeability zones arise during spontaneous im-
bibition conditions, as opposed to preferential flow of solutes in high permeability zones

observed during single phase solute transport.

4 Experimental Approach
4.1 Experimental and Imaging Methods

Two-end-open free spontaneous imbibition experiments were performed using the
experimental method recently described in Zahasky and Benson (2019) to isolate and
analyze the mechanism of capillary-driven solute transport. During these experiments,
a 5.08 cm diameter by 10 cm long Berea sandstone core is loaded into a coreholder that
enables a confining pressure, and thus no-flow conditions, to be applied to the cylindri-
cal faces of the sample. Water is delivered to the inlet face of the sample and an addi-
tional fluid entry port at the inlet face of the coreholder is connected to the tubing from
the outlet face of the coreholder. A schematic illustration of the experimental setup is
shown at the top of Figure 1. The presence of this bypass tubing prevents a differential
pressure from being applied to the sample such that all fluid entering the core sample
does so only by capillary forces, enabling the observation of the spontaneous imbibition
process. The gas displaced during imbibition flows out of the core into a slightly pres-
surized (100 kPa) outlet tank that is nearly identical to the pressure in the water deliv-
ery pump. The fluid pair of water displacing gas was selected to mimic vadose zone con-

ditions.

The porosity, permeability, relative permeability, and average capillary pressure curves
of the Berea sandstone core used in these experiments has been previously characterized
(Zahasky & Benson, 2018; Vasco et al., 2018; Zahasky & Benson, 2019). Results of single-
phase, steady-state water injection in these studies measured a core-average permeabil-

ity (k) of 23 millidarcy (mD). The heterogeneous subcore permeability field has been es-

timated using a semi-analytical streamtube permeability analysis (Zahasky & Benson,
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2018) as well as a three-dimensional numerical inversion method (Vasco et al., 2018). These
studies found that the permeability varies throughout the sample by over a factor of two,
with a minimum near 10 mD and a maximum of approximately 30 mD. The subtle per-
meability structure is a result of the axial-parallel lamination that is visually present in
the physical sample and in clinical X-ray computed tomography (X-ray CT) scans. Sam-
ple porosity was measured with multiple small plugs analyzed with a Micromeritics Ac-
cuPyc II Helium Pycnometer. The average porosity of seven small plugs was 0.204 with

a standard deviation of 0.0068.

Two repeated primary imbibition experiments were performed for this study, one
imaged with X-ray CT, and the other imaged with micro-positron emission tomography
(PET). X-ray CT enables the quantification of changes in water saturation during spon-
taneous imbibition using classic CT linear scaling expressions (Akin & Kovscek, 2003).
The repeated primary spontaneous imbibition experiment imaged with PET was per-
formed under identical conditions except that the initial water imbibed contained the
positron-emitting radiotracer Fludeoxyglucose (1*F-FDG). Positron emission tomogra-
phy measures the 3D time-lapse radiotracer concentration in each voxel of the core dur-
ing the imbibition processes. To ensure that the entire imbibition process was captured,

the core was scanned for six hours in two three-hour scans.

After approximately 0.16 pore volumes (6.3 mL) of water with *®F-FDG was spon-
taneously imbibed, the wetting phase fluid delivered to the inlet was switched to water
with no radiotracer for the remainder of the imbibition experiment. This volume of wa-
ter with radiotracer was determined during the experiment to optimize PET image qual-
ity. If too much radiotracer was added it would saturate the photon detectors in the PET
scanner while too little tracer leads to less coincidence detection events and greater im-
age noise (Zahasky et al., 2019). Zero-order spatial moment analysis was used to ensure
accurate concatenation of the two three-hour scans. Once all of the available radiotracer
was imbibed into the core the total amount of measured radiotracer in the core (i.e. the
zero moment) varied by less than ten percent. Additional details and methods of PET
imaging for applications in earth science can be found in (Zahasky et al., 2019) as well
as additional verification and analysis of concentration measurement accuracy (Zahasky

& Benson, 2018; Kurotori et al., 2019, 2020).
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Figure 1. (Top) Illustration of experimental configuration overlaid on a photo of the Berea
sandstone core used for this study. The inlet and outlet caps are in contact with the core sample.
The plumbing setup is schematically shown for circulating water (indicated by the blue tubing)
and recovering displaced gas phase (indicated by the yellow tubing) from the core. Blue and
yellow arrows represent the wetting phase spontaneously imbibing and displacing the nonwetting
gas phase, respectively. (Left column) Water saturation distributions measured in the core with
X-ray CT. The imbibition progress is given in the fraction of pore volumes (PV) of fluid imbibed.
(Right column) Plots showing PET-measured solute radiotracer concentration distribution dur-
ing a repeated spontaneous imbibition experiment. The concentration distributions correspond to
the identical pore volume imbibed and water saturation distribution in the corresponding row of

the X-ray CT data. The voxel side length of the X-ray CT images is 2.5 mm and the voxel side

length of the PET images is 2.3 mm.
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4.2 Experimental Results of Solute Transport During Spontaneous Im-

bibition

The left column of plots in Figure 1 illustrates the piston-like displacement of wa-
ter spontaneously imbibing into the horizontally oriented core. The imbibition front evolves
as t7172 in agreement with the Lucas-Washburn equation (Washburn, 1921) for capillary-
driven flow as shown in the left plot in Figure 2. This decrease in imbibition rate is due
to the increasing viscous resistance experienced by water as it imbibes, increasing the
distance between the source of water at the inlet of the sample and the imbibition front.
The overall imbibition rate in these experiments is independent of gravitational forces

due to the horizontal orientation of the core.

The water saturation is uniform in the region behind the front, even though the
permeability of the laminations varies by over a factor of two as shown in the upper right
plot in Figure 2 and described in the following section. The front stability is a result of
the viscous pressure gradient in the water, resulting from water displacement established
by capillary forces pulling water from the inlet of the core to the imbibition front, that
is orders of magnitude higher than the pressure gradient in the displaced low-viscosity
gas. These viscous forces thus limit the imbibition front roughness and minimize gravity-
induced inclination. This type of piston-like displacement is commonly observed in im-
bibition experiments with water displacing gas and in-situ saturation monitoring (Alyafei

et al., 2016; Gruener et al., 2012; Zhao et al., 2017).

Despite the nearly uniform saturation front measured with X-ray CT, the PET im-
ages on the right side of Figure 1 highlight the complex solute advection behavior be-
hind the spontaneous imbibition front. These results are fundamentally different from
solute transport under saturated conditions. Under saturated conditions, if the hydraulic
gradient is parallel to laminations with different permeability, then the solute advection
rates will occur proportional to layer permeability with no component of orthogonal trans-
port except transverse hydrodynamic dispersion. Under spontaneous imbibition condi-
tions, we observe a strong component of flow orthogonal to the direction of imbibition.
This orthogongal flow in the imbibition front carries solutes from the high permeabil-
ity layers into the low permeability layers, resulting in large spatial variations in radio-

tracer concentration at the conclusion of the spontaneous imbibition process.
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4.3 Relationship Between Radiotracer Concentration Distribution and

Subcore Permeability

Analysis of the solute distributions highlights regions where cumulative radiotracer
increases and where radiotracer concentration decreases throughout the spontaneous im-
bibition process. The orthogonal flow in the imbibtion front can be quantified by changes
in total radiotracer contained in rows of voxels parallel to the axis core—as determined
by the sum of radiotracer mass along these rows of voxels. The center column of plots
in Figure 2 highlight areas of radiotracer accumulation as indicated by a positive change
in radiotracer mass (warmer colored areas). The cooler colored areas indicate areas with
decreasing radiotracer mass. The permeability distribution in the core sample is shown
in the upper right plot in Figure 2. This permeability is equivalent to the harmonically
averaged permeability along the long axis of the core—in corresponding regions to the
radiotracer mass calculations. The permeability was approximated using the moment-
based semi-analytical method from single phase flow experiments described in Zahasky
and Benson (2018). Permeability averaged along the axis of the core is a good approx-
imation of the permeability structure of this sample due to the axial-parallel lamination
of the sandstone sample. The lower right plot in Figure 2 is a cross plot of the change
in radioactivity in each row of voxels along the axis of the core from 0.16 PV of water
imbibed to 0.57 PV of water imbibed, the same data illustrated in the bottom-center plot,
as a function of permeability in corresponding spatial regions of the core sample. The
results in Figure 2 clearly show that the radiotracer is accumulating in low permeabil-

ity portions of the core and decreasing in the high permeability portions of the core.

5 Numerical Modeling of Local Fluid Flow During Spontaneous Im-
bibition
To further investigate the influence of heterogeneity on spontaneous imbibition, we
used TOUGH2 with the EOS3 equation of state (Pruess & Moridis, 2012) to model a
system analogous to the one used for the experiments. The spontaneous imbibition pro-
cess was modeled with EOS3 solving for gas/water saturation, fluid pressure, temper-

ature, and air mass fraction as a function of time.

The problem was first simplified to a two-dimensional model with an intrinsic per-
meability field that only varies in the direction orthogonal to the direction of imbibition

and a homogeneous porosity equal to the core-average value. This simplification was done
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Figure 2. (Left plot) Water imbibition rate as a function of time as measured from repeated
X-ray CT scans during the spontaneous imbibition experiment. The colored points from light

to dark red correspond to the imbibition times of PV = 0.16, 0.25, 0.40, and 0.57, respectively.
The imbibition rate can be described with characteristic t =2 scaling with Q¥, = At ™2 as
described by (McWhorter & Sunada, 1990). The dashed black line is the cumulative imbibition
rate of the TOUGH2 model described in Section 5. (Center plots) Change in radiotracer mass
calculated by summing the radioatracer mass along the long axis of the core. This highlights
changes in activity orthogonal to the direction of spontaneous imbibition, looking down the long
axis of the core from the inlet. The percent change is calculated relative to the rst frame shown
in Figure 1 at a pore volume (PV) of water imbibed of 0.16. The percent change in the top,
middle, and lower-left plots is calculated between the rst frame (PV = 0.16) and the second

(PV = 0.25), third (PV = 0.4), and fourth (PV = 0.57) frames shown in Figure 1, respectively.
(Upper right plot) Approximation of permeability, in millidarcy, averaged along the axis of

the core using the experimental and analytical methods described in Zahasky and Benson (2018).
The red rectangle indicates the axial-parallel permeability map used for the modeling analysis in
Section 5. (Lower right plot) Cross-plot highlighting the negative correlation between change
in radioactivity, between PV = 0.16 and PV = 0.57, as a function of permeability. The size

of the points are approximately equal to the standard error between ve di erent single phase

experiments used to approximate the permeability.
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for several reasons. In two dimensions it is possible to clearly illustrate the impact of het-

erogeneity on uid ow conditions without considering the in uence of out-of-plane im-

pacts. Second, the method for heterogeneous permeability inversion is only a semi-analytical

approximation. Without a highly resolved 3D permeability eld, and spatially resolved
description of capillary heterogeneity, experiment-model comparisons are limited due to
the strong in uence on imbibition-driven transport process. Finally, the simpli ed 2D
layered permeability eld allows for a clear analysis of the mechanism and impact of ow
orthogonal to the direction of imbibition. This enables an analysis of how the orthog-

onal ow rates change as imbibition progresses and the total imbibition rate slows. The
model width was set to maintain an equivalent cross-sectional area so that the model can
be constrained by the cumulative imbibition rate illustrated in the left plot in Figure 2.

The values used for the vertically-varying intrinsic permeability eld are highlighted by

the red box in the upper-right plot in Figure 2.

The multiphase characteristic curves used in the model are plotted in Figure 3. The
red line in the right plot in Figure 3 illustrates the core-average van Genuchten capil-
lary pressure curve (TOUGH2 parameter ICP=7) determined from a combination of mer-
cury intrusion capillary pressure measurements (MICP) and 1D numerical capillary pres-
sure calculations using the method of Zahasky and Benson (2019). The van Genuchten
parameters were =0:345,S,, =0:03,Sg, =1 0:76 = 0:24, core-average capillary
entry pressure Pg) of 29 kPa, and maximum capillary pressure of 5000 kPa. The faint
black lines are the scaled capillary pressure curves used in each layer of the model us-
ing the Levertt-J capillary scaling based on the layer permeability (Leverett, 1940; Toku-

naga et al., 2013; Alyafei & Blunt, 2018).

The water relative permeability function was approximated by tting a power law
relative permeability function (TOUGH2 parameter IRP=2, k., = S/®) to the core-
average water relative permeability measured during a drainage experiment previously
reported in Zahasky and Benson (2019). The exponent was adjusted slightly to align the
model core-average imbibition rate|shown by the dashed black line in the left plot in
Figure 2|with the experimentally measured bulk imbibition rate. In this relative per-
meability model, the gas relative permeability in every cell was set to one and was in-
dependent of water saturation changes. This model thus ignores gas-phase mobility re-
duction and is valid due to the very slow cocurrent imbibition rates and because the vis-

cosity of nitrogen gas is several orders of magnitude lower than water.

{11{
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The model geometry, input le generation, and model output analysis were per-
formed using PyTOUGH (Florian Wellmann et al., 2012). The cocurrent two-end-open
free spontaneous imbibition process requires a constant water saturation equal to one
and zero at the inlet and outlet, respectively. These Dirichlet conditions prescribing xed
thermodynamic conditions were implemented in TOUGH2 by assigning very large vol-
umes (500 n?) to the grid cells adjacent to the inlet and outlet of the core. This creates
a very large reservoir of water at the inlet of the core that can spontaneously imbibe into
the core, and a reservoir of gas at the outlet of the core for the displaced gas to escape.
The initial pressure conditions in every grid cell in the model were set to 103 kPa (1 atm).
An initial water saturation of approximately zero ( Syi = 1le-6) was assigned to every
grid cell except the inlet grid cell. The inlet grid cell reservoir had an initial water sat-
uration of 1. Upon simulation initiation, the large capillary pressure gradient resulting

from the water saturation gradient drives the spontaneous imbibition ow process.

The extremely high capillary-driven pressure gradients during spontaneous imbi-
bition require careful attention to model grid de nition and often require very ne model
discretization in the direction of imbibition (Pooladi-Darvish & Firoozabadi, 2000; Khan
et al., 2018). To determine the optimal grid discretization, a 1D grid re nement study
was performed and is described in Appendix A. Based on the grid re nement study, the
model grid was set to 1200 cells in the direction of imbibition (termed thex-direction)
and 20 cells in the vertical direction (termed the z-direction and parallel to gravity). This
results in a grid cell size of 0.08 mm in thex-direction and 2.5 mm in the z-direction.
The model grid was oriented such that the imbibition proceeded horizontally|identical
to the experimental conditions|and gravitational forces were not neglected. The TOUGH2
input and output les, PyTOUGH scripts used to generate the input les are available

in the data repository linked in the Acknowledgments.

The modeled water saturation results at times identical to those in the experiments
shown in Figure 1 are plotted in the left column of plots in Figure 4. The model-average
imbibition rate is quantitatively compared with the experimentally measured imbibition
rates in the right plot of Figure 2 as indicated by the dashed line and scatter points, re-
spectively. These plots indicate that the model closely captures the timing and sponta-
neous imbibition process that was observed experimentally. These results also show how
the viscous stability of the imbibition front present in the X-ray CT images in Figure

1 is also captured by the numerical model.
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Figure 3. (Left) Water relative permeability of the TOUGH2 imbibition model (black line).
The grey circles indicate core-average water relative permeability measured during a drainage
experiment previously reported in Zahasky and Benson (2019). The experimental marker size is
proportional to relative permeability measurement error|speci cally two standard deviations of
measurement noise. (Right) Core-average capillary pressure curve (red line) determined from
a combination of mercury intrusion capillary pressure measurements (MICP) and 1D numeri-

cal capillary pressure calculations using the method of Zahasky and Benson (2019). The faint
black lines are the scaled capillary pressure curves based on the streamtube permeability using
the Levertt-J capillary scaling methods (Leverett, 1940; Tokunaga et al., 2013; Alyafei & Blunt,

2018).
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