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Key Points:


Rock deformation during supercritical CO2 /brine displacement was measured using an
advanced high-resolution DFOSS tool.



The adsorption-induced swelling in clay-rich rocks can serve as a "saturation footprint"
for tracking CO2 migration in reservoirs.



The breakthrough of CO2 plume from the high-permeability to low-permeability part was
well captured using the distributed strain.
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Abstract
Monitoring the migration of pore pressure, deformation, and saturation plumes with effective
tools is important for the storage and utilization of fluids in underground reservoirs, such as
geological stores of carbon dioxide (CO2) and natural gas. Such tools would also verify the
security of the fluid contained reservoir–caprock system. Utilizing the swelling strain attributed
to pressure build-up and the adsorption of supercritical CO2 on clay minerals, we tracked the
fluid plume in a natural clay-rich Tako sandstone at the laboratory core-scale. The strain was
measured by a high-resolution distributed fiber optic strain sensing (DFOSS) tool. The strain
changes induced by CO2 adsorptions on clay minerals were significantly greater than those
caused by pore pressure alone. The distribution of the swelling-strain signals effectively captured
the dynamic breakthrough of the CO2 plume from the high- to low- permeability regions in the
Tako sandstone. Besides revealing the in situ deformation state, the measured strain changes can
track the movement of the CO2 plume as it enters the clay-rich critical regions in the reservoir–
caprock system. The present findings and potential future applications of DFOSS in the field are
expected to enhance the monitoring and management of underground fluid reservoirs.
Plain Language Summary
Carbon dioxide (CO2) sequestration in underground geological reservoirs is considered as a
near-term solution to global warming. However, monitoring the migration of sequestered CO2 in
deep reservoirs is inherently difficult. Here, the well-known adsorption-induced swelling
phenomenon in clay-rich rocks is considered as a naturally generated "saturation footprint" that
tracks CO2 migration through reservoirs. When a CO2 plume migrates in a storage reservoir–
caprock system, the CO2 can be adsorbed on/in the clay-rich components, leaving footprints of
rock swelling. By tracking these footprints, we expect to monitor the migration of CO2 plumes.
To test this idea at the laboratory scale, we measured the strain changes during dynamic
CO2/brine displacements in a clay-rich rock using a high-resolution Rayleigh-scattering based
distributed fiber optic strain sensing (DFOSS) tool. The fluid distribution in the rock was then
determined by X-ray computed tomography imaging. Large swelling strains and shrinkage
strains were observed during CO2 drainage and brine re-imbibition, respectively. Moreover, the
distributed strain signals clearly revealed the breakthrough of the CO2 plume from the high- to
low- permeability regions. The results suggest that the strain change, measured by the powerful
DFOSS tool, not only reveals the in-situ deformation state but also tracks the movement of the
CO2 plume as it enters the clay-rich critical regions in a reservoir–caprock system.

1 Introduction
Underground geological reservoir engineering, such as enhanced oil recovery by water or gas
injection, geothermal exploitation, shale gas fracking, and natural gas and CO2 storage, often
involves fluid injections and/or extractions. These operations inevitably change the in situ
pressure state in the porous space, leading to mechanical deformations in the geological
formations. Deformations arise by the poroelastic mechanism, which describes the coupling
between pore fluid-flow and porous-matrix deformations under stress. The deformations may be
sufficient to induce seismicity (Gan & Frohlich, 2013; Hincks et al., 2018; Zoback & Gorelick,
2012), or observable uplift or subsidence of the ground (Rutqvist, 2012; Shirzaei et al., 2016).
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CO2 sequestration into underground geological reservoirs is considered as a near-term solution to
global warming effects (Benson et al., 2005; Celia, 2017; Sanchez et al., 2018). CO2 injected into
rocks can be retained by capillary, solubility, structure, and mineral trapping mechanisms. In
large-scale geological CO2 storage projects, pressure build-up affects the long-term integrity of
the CO2 repository, increasing the risk of CO2 or brine leakages. If the pressure in the reservoir
overwhelms the threshold pressure of caprock, the CO2 will migrate into the caprock. In addition,
fault reactivations and caprock breaches can create or enhance vertical leakage pathways that
unexpectedly leak CO2 (White et al., 2014; Zoback & Gorelick, 2012). For these reasons, the
spatial development of pressure build-up, deformation, and CO2 plume migration in the reservoir
formations and caprocks above the storage reservoir, must be monitored by reliable methods
(Verdon et al., 2013).
The distributed fiber optic strain sensing (DFOSS) technique, which has been recently developed,
tracks the response to rock deformation at each spatial location along a fiber-installed crossingformation wellbore in real-time (Kogure & Okuda, 2018; Wu et al., 2017; Xue & Hashimoto,
2017). Therefore, this technique can potentially improve our understanding of pressure and CO2
plume migrations along the vertical direction while performing in-reservoir and above-zone
pressure monitoring (Strandli & Benson, 2013). An example is the Decatur CO2 storage site in
Illinois, USA (Cameron et al., 2016). The technique also gives important constraints for
geomechanical modeling and enables surface deformation monitoring (Maharramov & Zoback,
2018; Rutqvist & Tsang, 2002; Shi et al., 2012; Vasco et al., 2010).
Besides poroelastic deformation, clay swelling phenomena (which are a poromechanical
response) have been extensively studied in shales, coals, soils, and other geophysical fields.
When CO2 is energetically adsorbed on the surfaces and edges of clay minerals, or incorporated
into crystal interlayers (Wan et al., 2018), significant swelling occurs (Busch et al., 2016;
Romanov & Myshakin, 2018). The swelling can be sufficiently large to change the stress state
(Wentinck & Busch, 2017). At any given pressure, carbon dioxide causes more pronounced
swelling than other fluids, such as water and methane (Heller & Zoback, 2014). Therefore, as
CO2 displaces brine from clay-rich strata (e.g., caprocks), it should be possible to measure the
strain changes due to the preferential adsorption of CO2 in the clay, in addition to the poroelastic
mechanism. Considering this mechanism, we monitored the migration of the CO2/brine
displacement front in clay-rich regions in a reservoir–caprock system by measuring the strain
using the DFOSS technique (Figure 1a). The study sample was a clay-rich Tako sandstone from
Gunma, Japan, which has developed both high-permeability and low-permeability regions
(Figure 1b). The strain in the sample was continuously measured during CO2 drainage and brine
imbibition under typical reservoir conditions (10 MPa and 40 °C), and the fluid saturation was
imaged by X-ray computed tomography (CT).
2 Experimental materials and methods
The rock sample was cored through a low-permeability (0.02 mD) Tako sandstone (Gunma,
Japan), along the direction perpendicular to the bedding plane. The sample was cylindrical with a
diameter and length of 35 mm and 80 mm respectively. It was visually divided into two regions
(coarse-grained and fine-grained; see Figure 1b) with different petrophysical characteristics.
Specifically, the permeability, porosity (Figure S1) and pore size (Figure S2) were larger in the
coarse-grained part than in the fine-grained part. Both parts were rich in the clay mineral
kaolinite (Figure S3). In an X-ray powder diffraction (XRD) analysis, the mineral compositions
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of the two parts (coarse and fine) were determined as follows: quartz (52.2% and 38.0%),
kaolinite (36.0% and 52.8%), muscovite (2.8% and 8.3%), and K-feldspar (8.0% and 0.9%)
(Figure S4). The sample was a mini analog of an actual reservoir–caprock system, exhibiting the
typical transition from caprock to reservoir, sand–mud alternation, tight interbedding layers
within the reservoir, and faults with clay smearing (Figure 1a). The rocks in these components
are usually clay-rich and less permeable than common reservoir sandstones.
For strain measurements, a single-mode holey optical fiber fabricated from silica (Hitachi Cable
Ltd.) was spirally bonded to the surface of the cylindrical sample (Figure S5). The fiber strain
(𝜀f ) along the spiral path is related to the circumferential strain in the rock (𝜀c ) as follows (Li,
2016; Rambow et al., 2010):
𝜀f = √sin2 (𝜃)(1 − 𝜈𝜀c )2 ) + cos 2 (𝜃)(1 + 𝜀c )2 ), (1)
where 𝜈 is the Poisson’s ratio of the rock and 𝜃 is the wrapping angle. Under the conditions of
the present study (𝜃 ~ 5° (Figure S5), ν = 0.31, 𝜀f = 0.99𝜀c ), the DFOSS technique mainly
measured the circumferential component of the rock deformation. Because the cladding
surrounding the glass core of the fiber was punctuated with holes, the bending loss of the light
signals was low, allowing measurements under considerable surface bending (the minimum
allowed bending radius was 5 mm). When wrapping around the rock surface, the fiber was prestrained by hitching under a weight of approximately 300 g. The pre-strain prevented the fiber
from breaking or slipping from the cementing paste during the contractive deformation. The fiber
was directly contacted with the rock surface and fixed by an epoxy adhesive coating (High Super
5, Cemedine Co., Ltd.).
To insulate the confining oil and pore fluids under the high injection pressure and confining
pressure, the sample was then jacketed in another epoxy adhesive (EP001K, Cemedine Co., Ltd.)
and placed in a core holder (Figure S6) made of an X-ray transparent and high-strength material
(PEEK). The pressure and fluid injections were controlled by two accurately dispensing syringe
pumps, each connected to one side of the rock sample. The CO2 was maintained in a supercritical
condition under a pore pressure above 10 MPa and a temperature of 40 °C. Here, the temperature
of the whole system was maintained by carbon cloth heaters or water circulation heaters. The
fiber was passed through the pressurized core holder by a feedthrough component, which
prevented the leakage of fluids. The entire core holder was placed on the bed of a medical X-ray
CT scanner for imaging. The fiber segments outside the core holder were connected to two
prolonged segments of single-mode optical fiber cable with a thicker sheath and then connected
to an interrogator (Neubrex 7020 type, Neubrex Co., Ltd., Kobe, Japan). Both types of optical
fibers were spliced by a fiber fusion splicer (FSM-60S, Fujikura Ltd., Tokyo, Japan).
The DFOSS tool uses the coherent optical time-domain reflectometer (COTDR) method
(Kishida et al., 2014), which calculates the strain or temperature from the shifted power
frequency spectra of the Rayleigh backscatter traces (Koyamada et al., 2009). The Rayleigh
backscattering signals are produced from inherent random defects or heterogeneities in the fiber
core (Kishida et al., 2014; Koyamada et al., 2009). The light source of the COTDR is precisely
frequency-controlled. The frequency shift between the measurements before and after the
environmental change is calculated by cross-correlation. If the strain or temperature at a spatial
location of the fiber is unchanged during the specified time interval, the two power spectra will
coincide in the frequency domain. On the contrary, a strain or temperature change will alter the
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local refractive index, inducing a phase shift between the power spectra. The changes in
temperature or strain are linearly related to the frequency shifts (Kishida et al., 2014):
Δ𝑓R = 𝑎Δ𝜖 + 𝑏Δ𝑇, (2)
where Δ𝑓R is the overall frequency shift, Δ𝜖 and Δ𝑇 are the strain and temperature changes,
respectively, and 𝑎 and 𝑏 are the calculation coefficients for the strain and temperature,
respectively. In this study, the temperature remained constant throughout the test, so the
frequency shifts in the Rayleigh backscattering were wholly attributable to the strain changes. In
preliminary laboratory tests of the optical fiber, 𝑎 was determined as -0.153 GHz/μϵ. To include
the strain transfer effects, the coefficient was measured without removing the surface coating
material (UV-curable acrylate resin) from the cable, and after bonding with the epoxy adhesive.
These fiber conditions matched those of the strain measurements during the core-flooding test.
The DFOSS tool can monitor small strains at high measurement accuracy (0.5 μϵ) and spatial
resolution (2 cm) over a long-range distribution (~ 25 km). The accuracy of the DFOSS
technique has been demonstrated in several prior comparison tests with conventional strain
gauges (Kogure et al., 2015; Xue et al., 2014). The technique has also been successfully applied
in water injection tests and measurements of field wellbores (Xue & Hashimoto, 2017). Note that
previously fiber Bragg grating strain sensor has been applied to detect the fluid front (Sun et al.,
2017). The present study demonstrates the improved performance of monitoring with the highresolution, distribution-focused DFOSS tool.
To understand the fluid flow behavior, the fluid saturation in the rock sample during the fluid
displacements was imaged by a medical X-ray CT scanner (Aquilion ONE TSX 301A). The
image volume of each CT scan was constructed from 160 slices along the axial direction (of
length 80 mm). Each slice was composed of 512×512 pixels, each with a side length of 71 μm.
The CO2 saturation SCO2 of each voxel was calculated as follows:
CT

−CTsat
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SCO2 = 𝑐(CTobs − CTbrine
) = CTsat
,
−CTsat
CO2

brine

(3)

sat
sat
where CTbrine
and CTCO
are the voxel CT values of the brine-saturated and CO2 saturated states,
2
respectively, CTobs is the CT value of the considered saturation state, and the coefficient c relates
SCO2 to the difference between the CT values.

Prior to experiment, the rock sample was vacuum-dried for two days. The dehydrated sample
was pressurized by increasing the confining pressure from 0 to 15 MPa at 1-MPa intervals.
Subsequently, the confining pressure was reduced to 5 MPa and the vacuumed sample was
injected with brine (potassium iodide solution, 11.5 wt%) until fully saturated. The brine was
continuously injected for measuring the permeability. Next, the poroelastic effect was
investigated by elevating the confining and pore pressures to 15 MPa and 10 MPa, respectively,
and the bulk modulus of the rock was calculated (Figure S7). Then CO2 was injected into the
coarse-grained end of the sample, initially at an injection of 10.1 MPa, with the sample outlet
pressure maintained at 10 MPa. Under the low differential pressure, it took approximately 40
hours for the CO2 fluid-flow front to reach the interface between the coarse- and fine-grained
regions. The injection pressure was then increased to 10.3 MPa in 8 steps (approximately 1
hour/step), and eventually the CO2 flow was able to overcome the capillary barrier and percolate
into the low-permeability fine-grained region. The overall CO2 injection lasted for approximately
68 hours. Finally, brine was injected into the sample under a higher pressure of ~10.8 MPa for
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about 20 hours. During these operations, the sample strain was continuously measured by the
DFOSS system. In addition, the X-ray CT imaging was applied to monitor (during daytime
hours) the spatial saturation of CO2 in the rock sample.

Figure 1. (a) Schematic model of a CO2 storage site featuring an observation well with the
DFOSS installation. Other features include the clay-rich components in the caprock–reservoir
transition, the tight clay-rich layers in the reservoir formations, and paleo-faults with clay
smearing. (b) The Tako sandstone sample used in this study may be considered as an analog of
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reservoir–caprock systems or clay-rich layers. (c) Profiles of mean CO2 saturation (SCO2)
(computed from X-ray CT imaging) along the rock sample. For clarity, the saturation data are
linearly interpolated and colored by the elapsed time (see color bar). The raw data are shown in
Figure S8. (d) Circumferential strain profiles (measured by DFOSS) on the surface of the rock
sample. (e) Circumferential strain versus time curves, colored by spatial distance from the inlet
end of the sample (see color bar). Note that as the pressure increased from 40 to 50 hours, the
swelling-strain changes were marginal (< 10 μϵ).

Figure 2. Differential strain changes calculated by subtracting two sets of measured strains with a
time separation of approximately 3.3 hours. To emphasize the temporary changes, the overall
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results are divided into six stages (each lasting for approximately 10 hours). (a) Changes before
stage 5 (first 40 hours); (b) Changes in all stages. In (a) and (b), the colors indicate the different
stages. Panels (c) and (d) are images of the CO2 saturation (SCO2) at 40 and 60 h, respectively.
The structure-affected deformation behavior and the breakthrough of the CO2 plume from the
high permeability (reservoir) part to the low permeability (caprock) part are clearly observed.

Figure 3. Strain changes (measured by DFOSS) during the brine re-imbibition after CO2 drainage.
Color bar denotes the spatial location along the sample.

3 Results: CO2 plume migration and distributed strain responses
The DFOSS tool effectively monitored the deformations in the rock induced by CO2/brine
displacements. The strain changes well corresponded to the spreading of the CO2 plume, and
distinctly differed between the coarse- and fine-grained parts. As the CO2 was injected, it
displaced the brine from the rock sample, as indicated by the saturation changes calculated from
the X-ray CT imaging (Figure 1c). As it migrated, the CO2 plume was retarded by the lowpermeability fine-grained part until the injection pressure was elevated. Before the breakthrough
of the CO2 plume to the fine-grain part, the corresponding strain (which gradually increased in
magnitude from 0 to 260 μϵ) mainly responded in the coarse-grained region where the CO2
plume developed (Figure 1d and e). Whereas the CO2 gradients were steep near the CO2
saturation front, the strain changes were gradual and occurred earlier than the CO2 saturation
changes, due to mechanical effects and the forward pressure migration.
The CO2 plume broke into the fine-grained part after the injection pressure was step-elevated
from 10.1 MPa to 10.3 MPa. The subsequent strain changes in the fine-grained part were large
and rapid (Figure 1d and e). Under the experimental conditions, the breakthrough pressure of
CO2 percolating through the rock was below 300 kPa. The breakthrough behavior was well
reflected in the strain signals, and the strain response to the pressure change (200 kPa) was well
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monitored. However, the pressure effect produced only a small strain (< 10 μϵ) (Figure 1e). The
large strain changes in the fine-grained part mainly followed the migration of the CO2 plume
with the CO2/brine replacement. Generally, the changes accurately mirrored the migration of the
CO2/brine displacement front in the coarse-grained part and its breakthrough into the finegrained part of the rock sample.
To better show the dynamic deformations and time-dependent behavior, we computed the
differential strains between successive time steps (Figure 2a and b), which reflect the speed of
the strain changes in different stages. In this calculation, the time interval between two sets of
measured strains was approximately 3.3 hours. The overall results were divided into six stages
(with a time interval of approximately 10 hours) to emphasize the temporary changes. Initially,
the strain increase was rapid (Figure 2a and b). Once the CO2 plume had migrated to a certain
region (demarcated by the saturation images in Figure 2c and d), the strain changes became more
gradual and eventually reached a near-stable state. Moreover, the strain changes spatially
depended on the sedimentary structure. In several local low-porosity layers, the CO2 saturation
was lower than in other regions, and the strain changes were reduced in magnitude. These layers
acted as temporal in-passing capillary barriers for the forward CO2/brine displacement. In
contrast to the CO2 drainage, the rock sample during the brine imbibition swelled for a short
period under the elevated pore pressure, and then showed a general shrinking trend (Figure 3).
Like conventional strain gauges, the distributed strain changes obtained by the DFOSS technique
revealed the mechanical deformation magnitude of the rock. However, they also provide rich
information related to the fluid plume migration in the heterogeneous rock structure. Especially,
analogously to a reservoir–caprock system, the CO2 breakthrough from the coarse-grained part
(reservoir) to the fine-grained part (caprock) was remarkably distinguished by the distributed
strain signals.
4 Adsorption-induced swelling as an indicator of fluid displacement
Note that the strain changes in this study (~260 μϵ) were much larger than would be expected
under pure pore-pressure effects, as assumed in the poroelastic mechanism. In the fully brinesaturated state, the bulk modulus of the rock was approximately 7.6–8.8 GPa in the coarsegrained part and 8.3–10.0 GPa in the fine-grained part (see Figure S7). Consequently, under the
given maximum change in effective pressure (300 kPa), the upper limit of the poroelastic
(circumferential) deformation was expected to be smaller than 20 μϵ. When the pore pressure
increased during the drainage, the deformation limit well constrained the actual strain changes (<
10 μϵ) induced by the pressure change alone (200 kPa) (Figure 1 e). In contrast, the measured
strain values (~260 μϵ) after displacing the brine with CO2 far exceeded this limit. When the
sample was fully saturated with brine, the strain even exceeded the strain generated by pore
pressure changes of 200 MPa (approximately 100 μϵ) (Figure S7b).
The large strain changes are likely related to the abundant content of clay mineral (kaolinite) in
the rock. CO2 is more readily adsorbed to clay minerals than brine. Several recent studies have
shown that CO2 can be adsorbed in clay-rich rocks, causing significant swelling (Busch et al.,
2016). CO2 adsorption in kaolinite is supported by both physicochemical studies (Chen & Lu,
2015; Heller & Zoback, 2014; Jedli et al., 2017) and direct experimental studies (Heller &
Zoback, 2014). In kaolinite-bearing rock (i.e., shales), the swelling strain of CO2 adsorption can
be as large as ~103 μϵ (Heller & Zoback, 2014). In clay materials, the adsorption ability of CO2 is
outstandingly higher than those of other fluids such as methane and water (Brochard et al., 2012).
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When the brine was displaced by CO2 during the drainage phase of the present experiment, the
porous matrix of the clay-rich rock can cause a differential swelling of the porous matrix due to
CO2 adsorption as the CO2 saturation increased (Figure 1). In contrast, during brine imbibition,
the CO2 desaturation and desorption by the replenished brine caused a shrinkage trend (Figure 3).
The adsorption-induced swelling mechanism reasonably explains the magnitude of these changes
(~260 μϵ).

Figure 4. (a) Modeling results of averaged CO2 saturation (SCO2) along the rock sample. (b)
Modeled profiles of circumferential strain caused by poroelastic deformation (without
considering the adsorption-swelling effect). Colors in a and b denote time. (c) Modeled strain
versus time plots. Colors in c denote the spatial distance to the inlet of the sample.
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Figure 5. (a) Modeled profiles of circumferential strain, assuming that the sample is swollen by
CO2 adsorption on the clay mineral contents. (b) Modeled strain versus time plots. The saturation
changes match those of Figure 4a.
We numerically simulated the effect of the adsorption-induced strain in a sequentially coupled
one-dimensional two-phase fluid flow and poromechanical model (Appendix A). The
adsorption-induced strain changes during CO2 saturation were modeled by a Langmuir-type
adsorption relationship with saturation scaling (Shi & Durucan, 2004). For comparison with the
adsorption-included model, we estimated the maximum probable deformation due to the
poroelastic mechanism alone, assuming the lower limit of the measured bulk modulus (7.6 GPa).
The maximum circumferential strain was one order of magnitude smaller in the poroelastic
model than in the adsorption-induced deformation mechanism (approximately 16 μϵ; see Figure
4, versus ~260 μϵ; see Figure 5). Note that the adsorption-inclusive model well interpreted the
measured strains. Moreover, it generally reproduced the behavior of caprock breakthrough and
the structure-dependent distributions of the saturation (Figure 4a) and deformations (Figure 5a).
The rock porosity structure controls the spatial distribution of the capillary entry pressure, which
further differentiates the spatial CO2 saturation. Along with the pore pressure, the spatially
distributed CO2 saturation controls the adsorption-induced deformations. Such large-magnitude
swellings were reported in several previous studies of CO2 displacing brine in sandstone
measured by conventional strain gauges (Xue & Ohsumi, 2004). However, the strains in these
studies were not explicitly interpreted.
Clay-rich rocks are common in reservoir–caprock systems for geological storage of CO2 and
natural gas. These rocks may appear at the transition part between the reservoir and caprock, in
the tight interbedding shale-contained layers in an overall high-permeability reservoir (Figure 1a),
such as the CO2 storage sites in Sleipner, Norway (Zweigel et al., 2004) and Nagaoka, Japan (Ito
et al., 2017), and in sealed paleo-fault zones with clay smearing (Vrolijk et al., 2016). During the
CO2 injection and post-injection stages of large-scale CO2 storage projects, the CO2 migration
and consequent deformation in these parts are critical, and must be closely monitored. Besides,
even some of the reservoir formations targeted for CO2 storage (e.g., the Tomakomai CO2
storage site, Japan) are enriched in clay minerals (Okubo et al., 2011).
The strain changes in the clay-rich parts of our sample were much more sensitive to CO2
adsorption than to pore pressure. As our core-scale study was a mini-proxy of an actual
reservoir–caprock system, the changes in swelling strain might also indicate the migration of the
CO2 plume in field applications. That is, by monitoring the swelling strains, we could determine
the passage of the CO2 plume through the monitored regions (e.g., whether the plume has entered
the clayey layers or lower portion of the caprock), and hence diagnose the potential risk of fluid
leakage. The impact of the pore pressure build-up on deformation may increase with further CO2
injection. From the deformation pattern and its magnitude, we can begin to distinguish between
the effects of the pore pressure propagation (the pressure footprint) and the effects of CO2
migration through the caprock (the saturation footprint (Juanes et al., 2010)). The former
manifest as gradual changes from small to large deformations as the pressure increases; the latter
induces a relatively large strain change within a short time once the CO2 has migrated to the
clay-rich part. When detecting CO2 migrations around actual wellbores, the characteristics of
natural clay-rich rocks could be actively supplemented by filler materials (such as bentonite or
polymer) with a high adsorption-induced swelling property.
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5 Conclusions
In a laboratory study, we straightforwardly demonstrated that the DFOSS technique accurately
measures the distributed strain signals in rocks during supercritical CO2/brine displacement,
under the typical conditions of CO2 geological storage. Simultaneously, we observed the fluid
distributions, thereby verifying the migration and breakthrough behavior of the CO2 plume. The
enhanced swelling-strain signals caused by CO2 adsorption on/in the clay minerals can detect
CO2 appearances in the clay-rich critical parts in a reservoir–caprock system (the transition part
between a caprock and a reservoir, the clay-rich interbedding layers in the reservoir, and the
clay-smearing fault zones). Therefore, they provide a practical indicator for monitoring CO2 flow
behavior in the field. Here we focused on the strain responses to CO2 injections, which are
relevant to CO2 storage in underground reservoirs. However, the idea of fluid-tracking by
induced deformation is not limited to CO2. Any geo-fluid activities that induce rock
deformations, such as pore pressure build-up, adsorption, osmosis, and other fluid–fluid or fluid–
solid reactions, could be tracked in this way. The DFOSS technique improves our understanding
of fluid behavior and rock deformation in underground reservoirs, and should be helpful in
verifying the secure containment of reservoir–caprock systems.
In field-scale applications, DFOSS can only be installed in an underground reservoir along a
drilled wellbore, where it would measure the strain behind the wellbore casing (Xue &
Hashimoto, 2017). CO2 plume migration can be directly monitored when the plume reaches the
wellbore vicinity and spreads vertically, or can be inferred from the induced mechanical
deformations propagated from far regions. In any case, a geomechanical simulation would reveal
the relationship between the evolving strain magnitude and fluid activity. In practice, the
distributed strain measurements can be integratively analyzed with information obtained from
other methods, such as pressure (Strandli & Benson, 2013) and temperature (Zhang et al., 2018)
monitoring, electrical measurements (Bergmann et al., 2017), seismic (Arts et al., 2004) and
microseismic monitoring (Verdon et al., 2013). Especially, DFOSS can be employed together
with the distributed acoustic sensing (Daley et al., 2015). An integrated methodology would
more solidly track the CO2 plume and diagnose potential geomechanical and fluid flow problems
in the reservoir–caprock system. One potential problem in this study is the possible swelling
effect of the epoxy adhesives when contacted with CO2. If used as the firming materials of the
DFOSS fibers, these epoxies would affect the measured rock deformation. This effect should be
investigated in future work.

Appendix A
A1 Adsorption-induced swelling strain model
The adsorption induced swelling strain 𝜀 in confined pores can be described by a refined
poromechanical model (Vermorel & Pijaudier-Cabot, 2014)
𝜀 = 𝜀0 + ∫

𝑃𝑏

𝑃𝑏0

d𝑃𝑏
𝑀

{𝛼(1 − χ)−1 − 1}, (1)

where 𝜀0 is the initial strain, M is the bulk modulus, 𝛼 is the Biot’s coefficient, 𝑃0 and 𝑃𝑏
d𝑃

d𝑃𝑓 = 1−𝜒𝑏 (2)
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The swelling strain predicted by Equation (1) is similar to that in the Langmuir-type sorption
model. Analytically, it is equivalent to an empirical Langmuir-type deformation model (Levine,
1996; Shi & Durucan, 2004),
𝜀sorp =

𝜀max 𝑃
𝑃+𝑃ε

(3)

where 𝜀sorp is the adsorption-induced volumetric strain at pressure P, and 𝜀max and 𝑃ε are similar
to the strain-scaling constants in the Langmuir-type model.
Numerical simulations were performed on a sequentially coupled one-dimensional two-phase
fluid flow and poromechanical model, which is based on an open source reservoir simulator (Lie,
2014).
The two-phase fluid flow equation is given by
𝜙𝜌α 𝑆α
∂𝑡

+ ∇ ⋅ (𝜌α 𝑣α ) = 𝜌α 𝑄α , (4)

where 𝜙 is the porosity, 𝛼 denotes the fluid type (wetting (w) or nonwetting (nw)), 𝜌 and 𝑆 are
the density and saturation of the fluids, respectively, and 𝑄 is the source. The flow flux 𝑣 is
expressed by the extended Darcy’s law
𝑣α = −

𝐾𝑘rα
𝜇α

(∇𝑝α − 𝜌α 𝑔∇ℎ), (5)

where K and 𝑘rα are the absolute and relative permeabilities, respectively, 𝜇α is the fluid
viscosity, 𝑝 is the pressure, and 𝜌α 𝑔∇ℎ accounts for the gravity force.
In the modeling process, the permeability at each location was estimated by the following
Leverett J-function (Krause et al., 2013):
1

K i = ϕi ̅P̅̅̅(S
c

2
w)

[σcos(θ)J(Sw,i )]2, (6)

where i denotes the spatial location, 𝜎 and 𝜃 are the interfacial tension and contact angle between
the CO2 and brine, respectively, and 𝑃̅c is the global capillary pressure at each saturation (𝑆w )
estimated by the mercury injection method. The Leverett J-function 𝐽 is expressed as
𝑃

𝑘

c
𝐽(𝑆w ) = 𝜎cos𝜃
√𝜙. (7)

To account for the local capillary pressure, the global capillary pressure is scaled by the local
porosity ratio as follows:
𝜙

𝑛

𝑃c (𝑆w , 𝑖) = 𝑃̅c (𝑆w , 𝑖) ( 𝜙0 ) , (8)
where 𝜙0 is the mean porosity and n is a tuning exponent.
The mechanical responses are modeled by the following equations:
∇ ⋅ 𝜎𝑖𝑗 + 𝑓 = 0, (9)
1

𝜀𝑖𝑗 = 2 (∇𝑢𝑖 + ∇𝑢𝑗 ), (10)
1

1

1

𝑏

εij = 2𝐺 𝜎𝑖𝑗 − (6𝐺 − 9𝐾)𝜎𝑘𝑘 𝛿𝑖𝑗 + 3𝐾 𝑝𝛿𝑖𝑗 +

𝜀𝑠𝑜𝑟𝑝
3

𝛿𝑖𝑗 . (11)
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where 𝜎𝑖𝑗 and 𝜀𝑖𝑗 are elements of the stress and strain tensors, respectively, f is the body force, 𝑢𝑖
is the displacement, and G and K are the shear and bulk moduli, respectively. b is the Biot’s
coefficient, p is the pore pressure, 𝛿𝑖𝑗 is the Kronecker delta, and 𝜀𝑠𝑜𝑟𝑝 is the adsorption-induced
strain.
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Figure S1. (a) Sectional X-ray CT image of dried rock showing its contrasting inner structure. The image intensity
is expressed by the Hounsfield CT value, which is basically proportional to the void density. (b) Profile of average
CT values along the sample axis. (c) Porosity profile calculated from X-ray CT images obtained in the dry and
brine-saturated states. (d) Permeability profile estimated by the Leverett J-function (see Appendix A).
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Figure S2. Pore-size distributions of the coarse-grained and fine-grained parts of the rock sample (Tako sandstone)
measured by the mercury injection method.

Figure S3. Scanning electron microscope (SEM) photo showing kaolinite platelets in the Tako sandstone sample.
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Figure S4. X-ray powder diffraction (XRD) spectra of the fine-grained and coarse-grained parts of the Tako
sandstone. The spectrum of the well-known Berea sandstone is plotted for comparison.

Figure S5. (a) Photograph of the rock sample (Tako sandstone) with the single-mode holey optical fiber fabricated
from silica and spirally bonded to the sample surface. The fiber was firmly adhered to the sample by epoxy adhesive.
(b) Axial photograph showing the structure of the holey optical fiber.
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Figure S6. Schematic of the measurement system. The main components are a medical X-ray CT scanner, a
pressure vessel, a distributed fiber-optical strain sensing (DFOSS) tool, several syringing pumps, and two pressure
transducers.

Figure S7. Strain changes as the pore pressure increases from 4 to 12 MPa under a constant confining pressure (15
MPa). (a) Strain profiles along the sample axis. (b) Strain versus pore pressure at two selected spatial points (see a
for locations), one in the coarse-grained part, the other in the fine-grained part. c, Bulk modulus profile determined
from the measured distributed strain data near the pressure condition (10 MPa) of CO2 drainage. The spatial average,
minimum, and maximum values of the bulk modulus are 8.8 GPa, 7.6 GPa and 10.0 GPa, respectively.
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Figure S8. Measured spatially averaged CO2 saturations (SCO2) along the sample axis. Color denotes time since
CO2 injection (drainage). Data blanks are sourced from unviable measurements outside the worktime.

