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EXECUTIVE SUMMARY

This report assesses capabilities and limitations of different geophysical techniques for
monitoring geologic sequestration of CO2. Seismic, gravity, electrical, and electromagnetic (EM)
techniques are considered. Monitoring approaches for site characterization prior to COz2 injection
are different from those used while injecting COz2, or those suitable for post-injection monitoring.
The focus of this study is on the aspects relevant to long-term monitoring of large areas in the
post-injection phase, and specifically on early detection of secondary CO2 plumes.

Each of the techniques is sensitive to a different subsurface property. Seismic velocity depends
on the bulk and shear modulus and density, whereas the gravity response depends on density,
and the electrical response depends on resistivity. Each of these geophysical properties are in and
of themselves sensitive to changes in formation properties such as porosity, pore fluid, and fluid
saturation. For this reason, these techniques are complementary to each other, and when used
together could provide improved characterization of the subsurface. This assessment is based on
several model scenarios. Some examples are given for monitoring during injection, as those are
the only examples with demonstrated performance in field conditions.

Surface seismic monitoring is generally the key monitoring tool for COz2 storage projects. The
use of time-lapse seismic to monitor a CO2 plume has been best demonstrated by the Sleipner
project, which has been conducting three-dimensional (3D) seismic surveys since the mid-1990s.
This current study focuses on early detection of secondary CO2 plumes, which means imaging
much smaller volumes of COz than in the case of Sleipner. Sensitivity studies have been
conducted to assess the influence of accumulation thickness, saturation, and the presence of
accumulations at multiple depths. Models also included the change from supercritical to gas
phase when CO2 moves to shallower than 800-m depth, when the density decreases and the
compressibility increases, which significantly improves seismic detection limits. Numerical
models were used to assess the importance of survey geometry, source characteristic, receiver
types, and an influence of noise present in the data when establishing detection limits. The size
of the secondary CO2 plume that is detectable strongly depends on the survey geometry, field
conditions, rock properties, and data processing or imaging.

Vertical seismic profiling (VSP) is an established tool for imaging and monitoring in the vicinity
of accessible boreholes (those which can be entered for sensor deployment). Typically, VSP
offers improved spatial resolution and lower cost, as compared to surface seismic. The
applicability of VSP to CO: storage monitoring has been well established by many projects. The
use of permanent fiber deployment in a well offers very low-cost, highly repeatable VSPs using
distributed acoustic sensing (DAS). For long-term monitoring, the advantages of permanent DAS
are considerable. The signal-to-noise ratio gap between convectional sensors and DAS
technology is closing rapidly. It is also likely that large scale projects would use multiple wells,
in contrast to small-scale CO2 projects that used a single monitoring well, near the injection well,
for VSP. In this way, VSP can provide a method of monitoring CO2 plumes as they grow or
migrate.

Earlier numerical studies demonstrated that time-lapse gravity could be successfully used as a
monitoring tool for a geologic carbon storage (GCS) site. The first deployment of this kind at the
Sleipner site allowed gravity anomalies larger than 10 uGal to be detected, and constrained the
density of the injected CO2 and the rate of dissolution. For deep COz2 storage projects, the error
associated with gravity surveys (typically 5 uGal) limits the performance of surface
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measurements. To overcome this challenge and obtain stronger gravity responses, borehole
gravity surveys have been suggested. While these were assessed numerically, only a limited
number of field tests have been undertaken, e.g., at the Cranfield site, Mississippi.

With recent engineering advances in gravimeter technology, both for surface and borehole
deployments, the landscape regarding the use of time-lapse gravity measurements as an efficient
and cost-effective method for monitoring subsurface processes may change. Detection of gravity
variations accompanying mass redistributions in the subsurface caused by fluid movements
provides a unique means for monitoring the GCS site dynamics. The gravity method is the only
geophysical method that can provide a direct estimate of CO2 mass distribution at depth.

A decision whether gravity would be included in a monitoring portfolio will be site specific, and
depend on an expected size and depth of the CO2 plume of interest. The gravity response is
inversely proportional to the squared distance, hence the closer the sensors are to the CO2 plume,
the smaller the plume size that can be detected.

Electrical and EM techniques infer the distribution of electrical resistivity in the subsurface from
measured electric and magnetic fields. The electrical resistivity of the subsurface is highly
sensitive to changes in formation properties such as porosity, pore fluid resistivity, and fluid
saturation. These techniques are much more sensitive to low resistivities (conductive targets),
with the response to a shallow conductive target being an order of magnitude larger than the one
to the deep resistive target. Hence, deep CO2 plumes (resistive targets) are much more difficult to
detect. There are many possible configurations of sources (transmitters) and receivers (sensors)
that would provide required sensitivity for these targets. Depth and size of the secondary CO:2
plume will again play an important role in the site specific, fit-for-purpose, monitoring array
design.

The aim of this study is to provide a framework of up-to-date information which can be utilized
to start the process of designing an optimal monitoring network. The size of the secondary CO2
plume that is detectable strongly depends on the survey geometry, field conditions, rock
properties, and data processing. The cost is also dependent on survey geometry, field conditions
and processing needed. The trade-off between sensitivity to an expected plume size and cost is
expected to play an important role in designing monitoring arrays at GCS sites.
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1. INTRODUCTION

The purpose of this study is to assess sensitivities and detection thresholds of geophysical
techniques when used to monitor CO2 plume movements. Seismic, gravity, electrical, and
electromagnetic (EM) techniques are considered. Different monitoring approaches are suitable
for a site characterization prior to COz2 injection, for monitoring while injecting COz, or for a
post-injection stage. Each of the techniques is sensitive to a different subsurface property.
Seismic velocity depends on the bulk and shear modulus and density, whereas gravity response
depends on density, and electrical resistivity is sensitive to changes in fluid properties. Each of
these geophysical properties are in and of themselves sensitive to changes in formation
properties such as porosity, pore fluid, and fluid saturation. For this reason, these techniques are
complementary to each other, and when used together could provide improved characterization
of the subsurface. Separate publications have been written about each of these techniques. The
focus of this study is on the aspects relevant to long-term monitoring of large areas that would be
suitable for the post-injection phase. This assessment is based on several model scenarios. Some
examples are given for monitoring during the injection, as those are the only examples with
demonstrated performance in field conditions. The aim of this study is to provide a framework of
up-to-date information which can be utilized to start the process of designing an optimal
monitoring network.
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2. SURFACE SEISMIC MONITORING

Surface seismic monitoring is generally the key monitoring tool for COz2 storage projects. This
technique utilizes elastic wave propagation in the subsurface to determine changes in its physical
properties. Seismic surveys are done either along profiles (two-dimensional, 2D) or over an area
(three-dimensional, 3D). The data are processed to generate images of reflecting interfaces or
horizons, and then analyzed for the properties of those horizons that can be related to rock
properties using theoretical or empirical relationships. When 3D seismic surveys are used for
repeated (time-lapse) monitoring of the same site, it is called four-dimensional (4D) seismic
(time being the fourth dimension).

2.1  SURFACE SEISMIC MONITORING

The use of 4D seismic to monitor injected CO: is best demonstrated by the Sleipner project,
which has been conducting 3D seismic surveys over an increasing volume of injected COz2 since
the mid-1990s (e.g., Chadwick et al., 2010; Chadwick and Noy, 2015; Furre et al., 2017). An
example of the Sleipner results is shown in Figure 1 with 2D vertical slices of the 3D data shown
on the right, and horizon slices through the upper-most layer containing CO2 shown at lower left.
Figure 1 shows results from seven surveys over 14 years (through 2008). Monitoring at the site
continues to the present (Furre et al., 2017) with ten 3D seismic surveys and four gravity surveys
acquired to date.

Timer-lapse seismic data 1994
Sleipner 4D Seismic e ol otk pat R SR e K

| ‘ .F;cus. on—
Uppermost Layer 9 -

~ 2008-1994

1999 2001 2002 2004 2006

Figure 1: 4D seismic monitoring for the Sleipner storage project. Upper left shows a schematic
of the injection into the Utsira formation with the rising buoyant CO2 plume (blue and red).
Right side figure shows a series of 2D vertical slices through the 3D data volume and through
the injected CO2 plume with the changing reflection amplitude clearly visible. The lower left
is a series of horizon slices through the top layer containing CO: (layer 9 as indicated on the
2008 vertical slice) and plotted to show the interpreted extent of the amplitude change caused
by CO: (purple, blue, green, and red indicate different reflection amplitude changes). Figure
courtesy of P. Ringrose. See also Chadwick et al. (2010) and Furre et al. (2017).
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The time-lapse seismic monitoring surveys from 1999 and 2001 immediately revealed the nature
of the CO2 plume in the reservoir. A number of separate reflective horizons were interpreted as
thin layers of CO:2 trapped beneath the intra-reservoir mudstones, which were confirmed by a
consecutive survey. This supported the hypothesis of a stable plume structure with discrete
spreading layers, which were possible to map. Time-lapse seismic data contributed to improved
understanding of plume evolution. Chadwick and Noy (2015) show that as more monitoring data
were acquired through time, uncertainties about plume development were progressively reduced
and predictive capabilities improved. Furre et al. (2017) demonstrated that combined
interpretation of seismic and gravity monitoring surveys allowed for better quantification of the
CO2 mass changes and plume geometry.

2.2 SURFACE SEISMIC DETECTION CAPABILITIES

Several synthetic model scenarios were considered in investigating sensitivities or detection
capabilities of surface seismic to detect CO2 plume of variable size at different depths. This
systematic study is an important step towards developing approaches for detecting leakage from
the storage formation long before it could reach the groundwater formations or ground surface.

Scenario 1

A conceptual model used for this study assumes that CO2 moves out from the storage reservoir,
accumulates in a secondary trap above the storage horizon, and forms a cone-shaped plume. This
IS a reasonable assumption since as CO2 migrates upward it is subject to buoyancy forces and
capillary trapping. The size of the region containing CO2 must be sufficient to generate an
interpretable signal at the surface. Using a realistic geological model of the subsurface,
calculations were made to assess the seismic response of accumulations of 1,000 tonnes of CO2
at depths 500-2,000 m below the surface. A hydrostatic pore pressure gradient and lithostatic
pressure increasing with a gradient of 22.6 kPa/m were assumed. The geothermal temperature
gradient of 30°C/km was used. The density of the CO2 was obtained using the NIST Mixture
Property Database (1992). Calculated properties for selected depths are listed in Table 1.

Table 1: Depths, temperatures, pressure, and CO: density used in the calculations

CO; density
Depth (m) T(°C) P (MPa) (kg/m3) Phase
500 30 4.9 120.24 Gas
800 39 7.8 270.35 Supercritical
1,000 45 9.8 466.76 Supercritical
1,300 54 12.7 570.34 Supercritical
2,000 75 19.6 617.11 Supercritical

The secondary trap was a brine saturated unconsolidated sand layer with a thickness from 5 m to
100 m. The width of the plume was based on the size of the first Fresnel zone. The P-wave
velocity of the shale was 2,700 m/s and its density 2,160 kg/m?, while the sand P-wave velocity
was 3,050 m/s and density 2,285 kg/m®. The P-velocity of CO2 plume was 2,530 m/s and its
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density 2,260 kg/m?®. The seismic wave center frequency was 30 Hz. For these conditions, the
first Fresnel zone diameter is approximately 320 m. Calculations were carried out for plume
widths of 0.5-2.0 Fresnel zones. Full 2D elastic seismic simulations were carried out with and
without noise, followed by producing zero-offset stacked sections and Kirchhoff time migration.

Based on the densities, saturation, and thickness of the CO2 accumulation, it is possible to
calculate the radius of the cone-shaped accumulation. Plots of radius as a function of depth for a
1,000 tonne accumulation with a range of thicknesses and saturations are shown in Figure 2. As
expected, as the accumulation moves towards the surface, it becomes significantly larger due to
the associated decrease in density.

Sensitivity studies have been conducted to assess the influence of accumulation thickness,
saturation, and the presence of accumulations at multiple depths. This model also includes the
change from supercritical to gas phase when CO2 moves to shallower than 800-m depth, when
the density decreases and the compressibility increases, which significantly improves seismic
detection limits.

5%Saturation 10% Saturation 20% Saturation

800 . 800 o 800 .
—_ K ——10m T o0 —+—10m ~ ——10m
£ 600 . - —a30m £ 600
- \ —5—30m 2 10 % = - —m-30m
= 400 {m = —4—100m = 400
2 L - DL 2O e 100
® 200 & o q@i;r:_l - ® 200 =
x 1 0 ; = m h 4 a4

I:I [} 1000 2000 I:I ! J

i 1000 2000 0 1000 2000
Depth (m)

Depth (m) Depth {m)

(a) (b) ()

Figure 2: Size of 1,000 tonne accumulations as a function of depth below the surface for CO:
saturation of (a) 5%, (b) 10%, and (c) 20%. Radius of CO2 plume in 10, 30, and 100-m thick
layers are shown in blue, magenta, and red, respectively.

At 2,000-m depth, the 5-m thick sand layer model produced no discernable reflection since the
layer thickness was on the order of 5% of the seismic wavelength. The 10-m thick sand layer
model generated a reflection, but none was observed at the location of the CO2 plume. For the
conditions assumed in this model, the impedance difference between the shale and the sand
containing CO2 was almost zero. The CO2 plume in 30-m thick layer was imaged, where the
reflections were generated at the interface between the brine and CO: saturated sand. There was
a sufficient thickness of brine-saturated sand beneath the CO2 wedge to generate a reflection. For
these models the width of the plume was less than a Fresnel zone and the layer thickness was
similar to or less than the layer tuning thickness. Even though the CO2 plume was detected,
interpretation of the reflection for fluid properties would be difficult because of geometric
effects. A plume large enough to prevent contamination of reflections by geometrical effects had
a width of about 480 m in a 100-m thick sand.
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A key consideration in any study of what can be isolated from a background signal using
numerical data is the assessment of the type and magnitude of noise present in the data. For the
time-lapse monitoring approach considered, both static and dynamic noise was added to the data.
The synthetic shot gathers with both the static and dynamic noise added were run through
standard velocity analysis to determine interval velocities for normal move-out (NMO)
corrections and Kirchhoff time migration. Figures 3a—d show the time-lapse differences between
the response when the CO2 plume was present and the initial conditions for 30-m thick plumes of
CO2 with a 20% saturation at depths of 500, 800, 1,000, and 1,300 m. While the accumulations
at 500 m and 800 m are clearly detectable, at 1,000 m and 1,300 m, the response is of the same
order as the noise and may be difficult to ascribe as a meaningful change in the section unless the
signal-to-noise is reduced.
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Figure 3: Differences between migrated sections for the initial conditions and 1,000 tonne CO:
accumulations at depths of (a) 500 m, (b) 800 m, (c) 1,000 m, and (d) 1,300 m. A saturation of
20% is used for these calculations and the thickness of the cone-shaped accumulation is 30 m.
The seismic response for the accumulation at depths of 500 m and 800 m is detectable;
however, the response of the accumulation at depths of 1,000 m and 1,300 m are in the noise
level of the survey.
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Under favorable geological conditions, seismic methods are effective for detecting small
accumulations of COgz, particularly as the CO2 moves closer to the ground surface. Once
shallower than 800 m, the density decreases markedly and compressibility increases as CO2
transitions from the supercritical phase to the gas phase. Both of these factors significantly
improve the seismic detection limits for shallower accumulations. While these conclusions are
dependent on the type and magnitude of the noise assumed, the noise levels used in this study are
realistic or close to those that would be encountered on average for land acquisition. Because any
assessment of the amounts of CO2 that is detectable or any quantitative estimates of the quantity
present is so dependent on the assumed noise levels, these assessments must be done on a site-
specific basis. The design of seismic surveys for secondary CO2 plume monitoring will be
similar, but not necessarily the same as the design of surveys for time-lapse monitoring of oil and
gas reservoirs. The latter case is concerned with mapping the changes within a reservoir at a
known constant depth, while CO2 plume monitoring must try to monitor the entire depth section.
This will necessitate design of a wider aperture array for acquisition so that shallow portions of
the section can be imaged as well as deeper portions.

Scenario 2

The second scenario was based on a synthetic FutueGen2 model. The CO2 plume was at the
depth of 1,000 m. Data were simulated using 2D survey line with shots every 25 m and receivers
every 5 m, and 30 Hz Ricker source wavelet (Wang et al., 2018). Synthetic shot gathers were
generated using the 2D acoustic finite-difference code. Figure 4 shows changes in CO2
saturation, P-wave, and S-wave velocities, and the corresponding amplitude changes in the
migrated depth section due to the CO2 presence. These results suggest that this plume would not
be detectable in the field.
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Figure 4: Change in (a) CO: saturation, (b) P-wave, (c) S-wave velocities, and (d) signal
amplitude due to the CO2 plume at the depth of 1,000 m. Figure from Wang et al. (2018).
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The importance of survey geometry is illustrated in Figure 5. Again, using depth migrated
sections, the amplitude difference with shot interval of 25 m is shown in Figure 5a, while the
difference using 10-m shot intervals is shown in Figure 5b. Figure 6 illustrates that the shot
spacing is decreased by 60%, a 30% increase occurs in the maximum of the normalized root-
mean-square (NRMS) difference (Kragh and Christie, 2002). An additional parameter that may
increase the NRMS amplitude is a source characteristic; the NRMS amplitude increases with a
higher source center frequency.
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Figure 5: Amplitude difference in migrated depth sections using (a) 25-m and (b) 10 m-shot
intervals.
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Figure 6: Maximum NRMS (in %) as a function of time and various survey parameters.

Figure 7 shows the relationship between the detection threshold and signal-to-noise ratio (SNR).
The higher the SNR, the lower the detection threshold.
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Figure 7: Detection threshold as a function of signal-to-noise ratio.

Scenario 3

The third synthetic model scenario was based on a hypothetical, commercial-scale geologic
carbon storage (GCS) reservoir at the Kimberlina site in the southern San Joaquin Basin, 30 km
northwest of Bakersfield, California, where CO2 and brine leak through legacy wells into
shallow aquifers. Over 900 aquifer impact datasets were used to capture uncertainty in the
subsurface geology and leakage scenarios. Data were simulated along a 2D survey line with a
shot spacing of 40 m and a receiver spacing of 5 m. Synthetic shot gathers were generated using
a 2D acoustic-wave propagation code with a 30 Hz Ricker source wavelet. A sequence of
seismic processing steps, including sorting to common-midpoint gathers, stacking, and post-
stack migration, were applied to the data. The detectability of each simulated leakage scenario
was evaluated by calculating the NRMS difference between the post-stack migrated images at
different leakage stages and the baseline stage (i.e., without COz2 leakage). The results are shown
in Figure 8. A detection threshold of 20% NRMS difference was used in this study. The smallest
detectable mass is indicated by the vertical dotted red line in Figure 8, indicating that the seismic
method can detect a CO2 leakage as small as 350 tons.
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Figure 8: NRMS difference of seismic data as a function of CO: leakage mass. Colors represent
time steps.

Additionally, 3D seismic data were generated over 4x2 km area using 400 aquifer datasets. A
vertical force vector source was placed at the center of the survey area surface. The source
wavelet was a Ricker wavelet with a center frequency of 25 Hz. Numerical modeling of elastic-
wave propagation was conducted for a total duration of 3 s with a 0.75 ms sampling interval. In a
similar way to the 2D case, the NRMS differences between leakage stages and the initial stage
were computed for each of the 2,211 seismic traces using the vertical component of seismic data.
The maximum NRMS value from all the seismic traces was picked and used as an indicator of
leakage detection. The detection threshold of the NRMS change was set to 0.10. Figure 9 shows
the normalized NRMS changes as a function of cumulative CO2 mass leaked and color-coded to
the depth of the plume centroid. A clear break point is observed in signal strength once the
amount of CO: leaked into the aquifer exceeds 20,000 tonnes, defining a reasonable detection
threshold for this study.
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Figure 9: NRMS difference in seismic data as a function of cumulative CO; leakage mass.
Colors represent different depth intervals.
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A small sub-set of these models with a minimum CO2 plume volume at three depths (i.e., 1,400
m, 667 m, and 34 m) was used to construct synthetic leakage cases with varying CO: saturations.
Due to the relatively coarse grid used in the flow simulations, the minimum CO2 plume volume
is still quite large. In these simulations, a 2D surface seismic line with a source separation of 50
m and a receiver separation of 30 m was used. The dominant frequency of the source wavelet
(Ricker) was 30 Hz. The same sequence of seismic processing steps as above was applied here.
The maximum amplitude change and the maximum NRMS from the post-stack migrated seismic
data were calculated. Assuming a detection threshold of the maximum amplitude change of 50%,
the minimum plume volume detectable at a depth of 1,400 m is 2.32x105 m? if the COz
saturation is larger than 10% using the seismic acquisition geometry described above. Figure 10
illustrates that the seismic method is sensitive to small COz saturations. However, small or deep
CO2 plumes are below or around the detection threshold, and hence would be difficult to detect
in field conditions. Large and shallow CO2 plumes are detectable with this survey configuration
and analysis.
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Figure 10: Amplitude change plotted as a function of CO: saturation. Colors and symbols
illustrate the relationship with the depth and size of the plume. Detection threshold is shown
by magenta line.

Scenario 4

The last set of synthetic model scenarios is also based on a hypothetical, commercial-scale GCS
model at the Kimberlina site in the southern San Joaquin Basin, California. In this model,
referred to as the Kimberlina 2 model, the hypothetical injection well is ~3 km away from a
steeply dipping fault. COz is injected at a rate of 2.5 Mt/year for a period of 60 years. Under
buoyancy, the primary CO2 plume develops up-dip in the storage reservoir and along the fault
that is a hydraulic barrier laterally, even after CO2 injection stops. It takes ~40 years for COz2 in
the reservoir to reach the fault, and then it migrates along the fault up-dip to southeast. At an
arbitrary time after the end of the injection, changes in the fault permeability through leaky
windows (high-permeability zones) are introduced to allow for a migration of CO2 from the
reservoir to secondary formations above the reservoir. The deepest secondary formation is the
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Olcese formation, lying between 1,100 and 1,600 m (due to steeply dipping strata). The middle
one, the Santa Margarita formation, lies between 600 and 1,200 m and the shallowest formation,
the Etchegoin formation, is located between 200 and 500 m below the ground surface. The
secondary plumes are under supercritical CO2 conditions in the lower two zones and under gas
CO:2 conditions in the uppermost zone. Modeling scenarios include the secondary CO2 plume in
one of these three formations or in all of them simultaneously. These models are used to evaluate
the capability of geophysical techniques, surface seismic among them, to detect small and deep
CO2 plumes in a complex geology.

3D seismic data were generated over a 6x5 km area using a typical commercial survey geometry,
with a 30-m in-line source-receiver interval, 250-m source line, and 200-m receiver line
separations. The source wavelet was a 20 Hz Ricker wavelet, and three-component data were
simulated to 6.2 s using a high-order, finite-difference, elastic-wave modeling algorithm. A 2D
line through the leaky location along the W-E direction was extracted and used for least-squares
elastic reverse-time migration (LSRTM), which inverts for the images of P- and S-wave
velocities and density by minimizing the waveform difference between the synthetic and
predicted data. The differences were calculated between models with CO2 plume and baseline
conditions (no CO2 plume). An example of such difference is shown in Figure 11, where the
normalized difference in P-wave velocity image is shown in Figure 11a and the percent
difference in the true P-wave velocity model is shown in Figure 11b. The estimated location of
the secondary plume agrees very well with the true model. These results illustrate the ability of
detecting deep CO:2 plumes using surface seismic. Similar results were obtained for shallower
plumes and for models with multiple plumes.
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Figure 11: (a) Normalized P-wave velocity image difference and (b) true model difference for
a small CO: plume at 1,500-m depth demonstrate a great agreement and powerful tool for
CO: plume detection.

Besides P-wave velocity, it is important to measure other elastic rock properties like S-wave
velocities/impedances and density from seismic data for CO2 monitoring (Clochard et al., 2018).
Seismic inversion of P-wave to P-wave reflections (PP component data) gives accurate P-wave
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impedance. However, it usually gives inaccurate S-wave impedance, and is not capable of
estimating the density (Lebrun et al., 2001; Garotta et al., 2002). The emergence of multi-
component seismic technologies provides more information to recover elastic rock properties
than PP data (e.g., Hardage et al., 2011). Many researchers have used multi-component data like
converted P-wave to S-wave (PS) (Van Dok and Gaiser, 2001; Dariu et al., 2003; Barnola and
Ibram, 2014) for better estimation of S-wave impedance and density. Figure 12 shows the
inverted 2D images of P-wave velocity and density for detecting multiple CO2 plumes with
multi-component data generated by explosive sources for a 2D slice of the Kimberlina 2 model.
The image of S-wave velocity is not shown because the changes in S-wave velocity are very
small. The estimated P-wave-velocity image agrees quite well with the true one even though the
image contains some artifacts. The density image does not agree well with the true density for
the deep CO2 plumes.
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Figure 12: True (top left) and normalized inverted (bottom left) P-wave velocity image
difference, true (top right) and normalized inverted (bottom right) density image difference,
obtained using explosive sources for a 2D slice of the Kimberlina 2 model.

If a multi-component source with vertical and horizontal components is used, it generates strong
shear wave (SS) data, which is very useful for subsurface imaging and monitoring because the
data would contain stronger pure SS response than converted PS waves from the target reservoir
(Singh and Davis, 2011; Singh et al., 2015). Researchers have used seismic data generated by
multi-component sources to provide reliable estimate of S-wave impedance and even density
(Singh et al., 2015; Butler et al., 2016; Li et al., 2017). Inverting all multi-component data from
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multi-component sources has proved capable of providing a reliable Earth model to determine
lithology and fluid contents for reservoir characterization, as shown in Figure 13 for the Big Sky
CO:z2 storage project (Clochard et al., 2018).
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Figure 13: Examples of inverted P-wave impedance (left), S-wave impedance (middle), and
density (right) from a 9-component 3D dataset in northern Montana. Figure from Clochard
et al. (2018).

Figure 14 further shows inverted 2D images of P-wave velocity and density for detecting
multiple CO2 plumes with multi-component data generated by vertical sources for the 2D slice of
the Kimberlina 2 model. The elastic LSRTM method, which simultaneously utilizes PP, PS, and
SS components is used for inverting the recorded data. The P-wave-velocity image contains
fewer artifacts than the one obtained with explosive sources, and the density image agrees well
with the true density model for all CO2 plumes. The result illustrates the ability to locate the CO2
plumes at different depths using multi-component seismic data and multi-component sources.
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Figure 14: Normalized inverted P-wave velocity image difference (left) and density image

difference (right) obtained using multi-component data and vertical sources for a 2D slice of
the Kimberlina 2 model.

Presented results and various model scenarios underlay the importance of the appropriate model

resolution and survey configuration for detection of CO2 plume size of interest when evaluating
possible monitoring designs.
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3. MONITORING USING VERTICAL SEISMIC PROFILING

3.1 BACKGROUND

A vertical seismic profile (VSP) uses subsurface sensors, i.e. sensors deployed in one or more
boreholes, along with a seismic source that is typically on the surface, to record seismic waves as
they propagate in the subsurface. Because of the subsurface sensors, a VSP will typically have
increased spatial resolution, and improved wavefield interpretation and imaging, as compared to
surface seismic. However, a VSP image is limited to the region around the borehole (typically a
radius of about half of the borehole depth), and therefore, VSP is almost always used in
conjunction with surface seismic. In fact, one of the key uses of VSP is to “tie” the seismic
response observed in surface seismic to “true” depth as measured in the borehole and thus tying
seismic response to formations and rock properties as measured from other borehole tools. VSP
usage has been common since the 1980s with many articles and books summarizing the
technology (e.g., Galperin, 1985; Balch and Lee, 1984; Hardage, 1983). The term “vertical”
originates from the assumption of a vertical borehole (well) and a source near the well, with the
recorded waves thus propagating vertically up and down in the earth. However, modern use of
the technology spans many experimental geometries which are decidedly not vertical. The term
offset VSP (OVSP) is often used for sources offset from the well. Typically, a VSP will be
designed specifically to project needs. Figure 15 shows examples of VSP geometries. If sources
are used at multiple azimuths for multiple offsets a full volumetric cube of data termed a 3D-
V'SP can be generated.
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Figure 15: Examples of VSP acquisition geometries: (left to right): Offset VSP involves a
source offset from the well such that the raypath is not vertical; Walkaway VSP uses multiple
source points typically forming a 2D line through the well; Walk above VSP uses sensors in a
deviated well to record a series of near vertical raypaths; Salt-proximity VSP uses a source
and sensor geometry that has raypaths passing through a salt dome; Drill-noise VSP is a type
of “reverse” VVSP with sensors on the surface and the source in the borehole — in this case the
source is the drill bit “noise”. Figure from Schlumberger (2020).
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3.2 CO2 MONITORING APPLICATIONS

Application of VSP to CO2 monitoring was originally for CO2 enhanced oil recovery (EOR),
which began at large scale in the early 1970s in the Permian Basin. By the late 1980s, the rock
physics basis for seismic monitoring of CO2 in subsurface reservoirs was established (e.g., Nur
and Wang, 1987), and by the late 1990s successful seismic monitoring of injected CO2 was
reported (e.g., Wang et al., 1998). With the initiation of CO2 storage projects in the 1990s and
early 2000s, time-lapse seismic became a primary monitoring tool (see Davis et al. (2019) for a
recent review), and VSP became an important subset of seismic monitoring where boreholes
were available. While availability of boreholes is standard in EOR applications (since oil
production requires wells), CO2 storage does not require boreholes other than an injection well.
In particular, offshore storage may only have an injection well due to the high cost of offshore
drilling and maintenance. An example is the long-running Sleipner storage project in Norway,
which only has one well, the CO2 injector. However, the majority of initial CO2 storage pilot
projects have been on land and they have included dedicated monitoring wells. Thus there are
already a number of examples of VSP used for monitoring COz; a partial list includes the Frio
Project (Daley et al., 2008), the Weyburn project (Ahamadi, 2016), the Cranfield project
(Hovorka et al., 2011; Daley et al., 2014), the Ketzin project (Gotz et al., 2014), the Otway
project (Pevzner et al., 2017), the Decatur project (Coueslan et al., 2013; Bauer et al., 2019), and
the Shenhua project (Diao et al., 2020). These and other projects have contributed to the current
understanding of the use of VSP to assess (both qualitatively and quantitatively) COz2 in the
subsurface.

3.3 DETECTION AND QUANTIFICATION OF CO; FROM VSP SURVEYS

Initial use of VSP, like other seismic monitoring, was for qualitative detection—the
identification of CO2 present in the subsurface with some spatial delineation of the CO2 plume.
This is qualitative in the sense that there is no estimate of saturation and/or mass. Further
analysis, using rock physics, allows quantitative assessment of the CO2 saturation and mass in a
given rock volume. The rock physics used to interpret the seismic response to CO2 typically uses
simplifying assumptions (e.g., Daley, 2019) and therefore is subject to error. Nonetheless,
geoscientists continue to improve the quantitative assessment of CO2 saturation from seismic
data in general and VVSP specifically.

An early example of qualitative VSP monitoring is shown in Figure 16, taken from the Frio
project. In this example, a relatively thin plume (~10 m thick), and small total mass (~1,600
tonnes of CO2) was easily detected due to a relatively large change in velocity (>10%) and the
use of the injection well for the VSP sensors (Daley et al., 2008). While this study included a
quantitative interpretation of CO2 saturation calculated from a time-lapse cross-well seismic
measurement, the VSP was not interpreted quantitatively. A second Frio injection of ~600 tonnes
in a separate reservoir was also detected by a repeat VSP at the same location (Nazari and Daley,
2013).
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Figure 16: Time-lapse change in observed seismic reflection amplitude from the Frio project.
Sensor depth is on the horizontal axis. A large increase in amplitude is observed for the Frio
formation which had about 1,600 tonnes of CO2 injected. The control reflection is the one used
for amplitude normalization between surveys. Figure from Daley et al. (2008).

In the Ketzin project, a time-lapse VSP was able to qualitatively identify and map a CO2
injection of 22,000 to 25,000 tonnes and estimate the seismic velocity change (Gotz et al., 2014).
Ivanova et al. (2012) performed a quantitative analysis of the surface seismic data and obtained
estimates of mass in place similar to the injection total, albeit with a somewhat arbitrary choice
of parameterization.

The Aquistore project provides another example of qualitative monitoring. Changes in 3D-VSP
reflections initially imaged 36,000 tonnes injected at over 3-km depth (White, 2019; Harris et al.,
2017) and plume imaging continues to date with repeated monitoring (White, 2020). Figure 17
shows the Aquistore 3D-VSP results for 36,000 and 102,000 tonnes injected (White et al., 2018)
with the CO2 plume delineated from change in VSP reflection amplitude calculated as the
parameter NnRMS in a time window (Landro, 1999).

The measure of NRMS is a standard calculation for qualitative interpretation of VSP (and surface
seismic) data (Krah and Christe, 2002). It is a measurement of time-lapse repeatability that does
not require supplementary data on rock properties or a rock physics model of seismic response.
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Figure 17: Horizontal slice of VSP reflection change (hnRMS) within the Deadwood reservoir
level (Aquistore) for 3D-VSP at CO: injection amounts of (a) 36,000 and (b) 102,000 tonnes,
respectively. The VSP image is a composite constructed from M1-baseline and M2-M1
differences. (Figure modified from White et al. (2018.)

At the Cranfield site, a time-lapse OVSP used NRMS to assess data quality and reflection
amplitude change to quantitatively compare measured and modeled response (Daley et al.,
2014). The VSP was able to accurately estimate the change in seismic response of the reservoir
to COgz, thus allowing the 4D surface seismic to be more accurately interpreted. Acquisition
issues limited the OVSP analysis to the immediate vicinity of the well using a “corridor stack”
(Daley et al., 2014), but this approach allowed use of offsets over 1,200 m for the ~3-km deep
injection well. Consistent results from multiple offsets added confidence to the interpretation.
Figure 18 shows the NRMS and reflection amplitude time-lapse change for the OVSP source
points for both the field data and numerically modeled data, respectively. Along with high
NRMS, indicating poor time-lapse repeatability due to injection, the data amplitude change
matched the modeled response and was able to detect the CO2 plume. This result could be
considered a hybrid of qualitative (NRMS) and quantitative (modeled amplitude change)
interpretation.
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Figure 18: (a) Interpretation of OVSP data from Cranfield showing (top) NRMS values, and
(bottom) change in reflection amplitude for top and base of reservoir; (b) the predicted change
in reflection amplitude (both numerical and analytic) for top and base of reservoir. The
symbol labels indicate shot point number. Note that (a) sub-plots are calculated from data and
have positive and negative offsets. Numerical analysis (b) used finite-difference modeling
(symbols) and analytic analysis use Zoeppritz equation calculation (lines) with estimated
incidence angles for each offset. The CO:2 induced velocity change used for modeling came
from time-lapse crosswell measurement (Daley et al., 2014).
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An example of quantitative interpretation of CO2 saturation is shown in Figure 19 from the
Weyburn 3D VSP (Ahamadi, 2016), which shows COz2 saturation in a horizontal cross section.
This result requires rock physics models to convert seismic response to fluid saturation.
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Figure 19: CO; saturation values from the Weyburn 3D VSP analysis for a horizontal cross
section in the reservoir zone (from Ahamadi, 2016).

34  LIMITATIONS ON QUANTITATIVE INTERPRETATION

A recent experiment, designed specifically to test detectability of seismic monitoring, was
carried out at the Otway project. The time-lapse monitoring was done following the injection of
5,000, 10,000, and 15,000 tonnes of CO2 (Pevzner et al., 2017). Popik et al. (2020) were able to
detect the plume and track its evolution (Figure 20).

22



Detection Thresholds and Sensitivities of Geophysical Techniques for CO2 Plume Monitoring

e mi PMSDE Mex72 o M2 AMSDIF  Max:7.3
6 6
27 27
) 5 2 | 5
> 2
%- 4 g_ 4
E® 3 g« 3
g «% 2 g %_ 2
2 2
& &
y R 1
g 8
2] 8+
2 T T T 0 2 T T T 0
2 657500 658000 658500 - 657500 658000 658500
X (m) X (m)
= g M4 RMSDIF  Max: 8.1
2 | g | J
S Ed
5 & 5
g
3 . ‘
gt 3 s
> § > §
3 g 5
& &
1
g 8
g4 2
= T 2 T T T 0
2 657500 658000 658500 L/ 657500 658000 658500
X (m) X(m)
g M5 RMSDIF  Max: 7.2
| 6
&
© 5
b1
3 4
E®
> .
8 2
5
1
§_ T T T 0
0 657500 658000 658500

X (m)

Figure 20: Maps of RMS amplitudes of the time-lapse signal obtained for monitoring surveys
M1-Mb5 in 24 ms time window centered at 1,210 ms (corresponding to the injection interval).
The histograms show the distribution of the ambient noise presented on each map. The value
“Max” is the maximum amplitude of the time-lapse signal (after normalization) for each
monitor. Figure 6 from Popik et al. (2020).

Pevzner et al. (2015) used surface seismic data and numerical modeling to assess quantitative
detectability. In Figure 21, Pevzner et al. (2015) showed the tradeoff between effective diameter
of a 30 kt CO2 plume and the detectability from data as measured by the parameter N =
rms(signal+noise)/rms(noise). As N increases (increasing data quality), the effective diameter of
a detectable plume decreases. Similarly, in Figure 22, Pevzner et al. (2015) showed the effective
diameter for plumes of three sizes (10, 15, and 30 kt) versus the detectability parameter N.
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Figure 21: Effective plume diameter detectable for different signal quality cut-offs (as a
function of the threshold N) for 30,0000 tonnes of CO2ACHa4 at Otway Stage 2. (From Pevzner
et al., 2015).
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Figure 22: Effective diameter of detectability for injection volumes of 10, 15, and 30 kt as a
function of the threshold N (a measure of SNR and detectability). (From Pevzner, et al., 2015)

Pilot tests have had success in qualitative detection and characterization of relatively small
amounts of CO2 with VVSP, ranging from the Frio (1,600 tonnes), Otway (5,000-15,000 tonnes)
and Ketzin projects (1,600-36,000 tonnes), to Aquistore (30,000-100,000+ tonnes). Quantitative
interpretation, using available data on rock properties and a rock physics model, and often
including reservoir models, can be calculated, although typically without uncertainty assessment.
However, all projects have some limitations on quantitative interpretation, and many projects use
the qualitative results. For example, Diao et al. (2020) reported on VSP monitoring of 130 kt and
250 kt of COz in a multi-layered reservoir and interpret plume distribution; however, they
caution “the accuracy and credibility of the 2D VSP seismic technology must be studied further
at the Shenhua site with its complicated geology characteristics.”

The Shenhua case is one example of difficulties from the many factors impacting the utility of
V'SP for monitoring. Problems include variability in data acquisition, both within a single survey
and between time-lapse surveys (another example is the Cranfield VSP in Daley et al., 2014).
Repeatability of the data acquisition may be the single most important factor in VSP monitoring.
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High-quality time-lapse projects often utilize permanent sensors, such as at Aquistore, Otway,
and Ketzin. For VSPs, the emerging technology of distributed acoustic sensing (DAS), which is
fiber optic-based sensing, has great promise for enabling permanent deployment of sensors in
boreholes. DAS currently has lower sensitivity than conventional borehole sensors (e.g.,
clamping geophones or accelerometers), when comparing a single DAS channel with a single
geophone channel; however, this limitation can be addressed with increased source effort (e.g.,
Daley et al., 2016). Since DAS allows all the sensors in the well to be acquired simultaneously,
increasing the source effort is economically viable. An important consideration in DAS VSP is
whether a fiber cable is permanent (typically cemented behind casing). The advantages of
permanent cable DAS VSP for repeatability and data quality are very compelling, such that any
monitoring well should consider cementing fiber in place.

A good early example of DAS VSP for CO2 monitoring is the Aquistore project, which has fiber
permanently emplaced in a monitoring well to 2.7-km depth (Harris et al., 2017), which
successfully replaced surveys with conventional borehole geophone sensors. Even with
permanent sensors, the source repeatability is a factor that typically reduces time-lapse data
quality. Both access to surface locations and consistency of near-surface properties at a given
location are typical problems with time-lapse repeats of VSP (and surface seismic).

Recently, the limits of quantitative detection with seismic was explicitly investigated for the
Otway Stage 2c test by Glubokovskikh et al. (2020) using an integrated acoustic inversion
workflow with statistical detection of plume boundaries. Among their findings is an assessment
of the tradeoff between the threshold used for the plume “edge” and falsely detected COz. Figure
23 shows this tradeoff using change in acoustic impedance.

Another difficulty in quantitative analysis of VSP data is geologic heterogeneity, a problem
which compromises all monitoring techniques. The Shenhua, Ketzin, and Cranfield projects are
three examples of geologic heterogeneity hampering quantitative analysis. If properties such as
porosity, and matrix mechanical properties are changing at scales of less than a few wavelengths,
errors will occur. If the reservoir layers are thin (less than a wavelength), accurate estimates of
COz2 saturation are more difficult. The matrix properties of the reservoir and surrounding layers
also impact the accuracy of quantitative seismic interpretation. Pevzner et al. (2015) attempted to
assess this for Otway by synthetic analysis of multiple realizations of a reservoir model.
Quantitative analysis also relies on the use of a rock physics model to relate seismic change to
fluid/gas saturation change, and there are notable variations between rock physics models.
Additionally, geochemical alteration of the rock matrix can significantly affect the seismic
response, masking the effect of changing CO: saturation, and this is rarely accounted for in rock
physics models and seismic analysis.
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Figure 23: Total plume mass, either falsely detected or not detected, vs. seismic response
(change in acoustic impedance) shown as a bar graph, along with plume area missed (not
detected) vs. acoustic impedance change. (From Glubokovskikh et al., 2020).
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4. GRAVITY MONITORING

4.1 BACKGROUND

The gravity method is a non-invasive geophysical technique that measures differences in the
downward acceleration of gravity at a series of specific locations. When CO: is injected into a
porous formation, the original fluid within the pores of the rock matrix is progressively replaced
or mixed with the CO.. Because the density of the injected COz: is less than that of the original
fluid (e.g., brine) (Figure 24), COz injection will induce a bulk density decrease. The changes in
density over time will induce perturbations—referred to as anomalies—in the measured local
gravitational field. Depending on the situation, these gravity anomalies may be measured using
gravimeters at the surface or in a borehole. Single-epoch gravity surveys (e.g., site
characterization) provide absolute density values and density distribution in the subsurface.
Time-lapse or 4D surveys measure the density change over time. Early successful time-lapse
applications include monitoring hydrocarbon production (e.g., in the Prudhoe Bay field in
Alaska, USA) using water flooding in EOR operations (Ferguson et al., 2008; Hare et al., 1999).
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Figure 24: Change in density as a function of depth.

To quantify gravity changes over time, the total wet-bulk density (pywet puik) Of @ given volume
for a specific time step must be determined. Wet-bulk density (pwet buik) 1S generally considered
to be the density of the rock matrix that takes into account the density of the solid matrix (rock)
Prock, and the density of the brine fluids contained in the pore space p,,. As the original fluid
contained in the pore space is replaced by CO2, py et bulk €aN be expressed as

Pwetbulk = (1- q))prock + Sywopw + SCOZCI)pCOz (1)
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where pco, is the CO2 density, ¢ is the porosity, S,, is the brine saturation, S¢q, is CO2
saturation (any phase), and S,, + Sco,= 1. The wet bulk density change, Ap, associated with the
CO:z2 injection can be expressed as (Eiken et al., 2008; Jacob et al., 2016):

Ap = ASCOZCI) (Pco2 - Pw) 2

where ASc, is the change in COz saturation.

In typical carbon capture and sequestration (CCS) operations, COz is injected at pressure and
temperature conditions such that it reaches supercritical conditions or is less dense and more
compressible than the brine. On the other hand, COz2 in shallow depths is in a gas phase and
occupies much larger volume. The gravity signal is directly proportional to changes in bulk
density.

42  SURFACE GRAVITY

Synthetic models were used in evaluating sensitivities or detection capabilities of surface gravity
to detect CO2 plume at different depths. A conceptual model assumes that CO2 moves out from
the storage reservoir, accumulates in a secondary trap above the storage horizon, and forms a
cylinder-shaped plume. Kimberlina 2 model parameters were used to calculate CO2 density
(Appriou et al., 2020). A hydrostatic pore pressure gradient of 10.5 kPa/m, a geothermal
temperature gradient of 26.8°C/km, with a surface temperature of 21.8°C, and porosity of 25%
were used. The cylinder height was 20 m, the radius varied from 500 to 3,000 m, and CO2
saturations between 5 and 60% were considered.

Figure 25 shows COz2 saturation (a, ¢, e) and CO2 mass (b, d, f) as functions of depth for a
variable cylinder radius. Figures 25a and 25b shows these relationships for the detection
threshold of 4 uGal, Figures 25¢ and 25d for 7 uGal, and Figures 25e and 25f for 10 uGal. These
figures can be used to determine quickly in which conditions a secondary plume can be detected
by a surface gravity survey at a site with a similar characteristic as described above. For
example, they clearly show that the size (radius) of the plume controls the depth at which this
plume would be detectable for a given CO2 mass and a given detection threshold. An increase in
the plume radius or CO2 saturation increases the depth of a detectable plume. The CO2 mass
increases with plume size and depth. For example, in Figure 25a, a plume of 500-m radius and
20% CO2 saturation would be detectable to 800-m depth, while for 1,000-m radius and the same
COg2 saturation the depth would be 1,200 m. Using Figure 25b, for a detection threshold of 4
uGal, a 10 kt CO2 secondary plume with a radius of 500 m can be detected at a depth of 300 m,
but the plume mass will need to be 1,000 kt to be detected at a depth of 1,200 m. If this threshold
is set at 10 uGal (Figure 25f) the 10 kt and 1,000 kt CO2 plumes would only be detected at
shallower depths, 200 m and 800 m, respectively.
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Figure 25: CO; saturation (&, c, €), and CO2 mass (b, d, f) as functions of depth for a variable
cylinder radius. The detection threshold is 4 pGal in (a) and (b), 7 uGal in (c) and (d), and 10
pGal in (e) and (f).
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Note, that there is an inflexion of all curves around 800 m corresponding to a major change in
CO:2 density linked to the transition to supercritical state. It must also be noted that curves tend to
an asymptote making difficult to determine the correct CO2 mass at great depths.

Figure 26 shows the plume radius (a, ¢, ) and CO2 mass (b, d, f) as functions of depth for
variable CO: saturations. Figures 26a and 26b show these relationships for the detection
threshold of 4 pGal, Figures 26¢ and 26d for 7 nGal, and Figures 26e and 26f for 10 uGal. These
figures clearly illustrate the relationship that exists between CO2 saturation and the plume depth
and size: the higher the saturation, the greater the depths of detection for a given radius of the
COz2 secondary plume or of a smaller size.
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Figure 26: CO2 plume radius (a, c, €), and CO2 mass (b, d, f) as functions of depth for a variable
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In time-lapse gravity monitoring, it is highly desirable that repeated gravity measurements are
performed at the same locations. This eliminates a need for typical data processing corrections
depending on the location at the surface of the Earth. However, the elevation of the measurement
point must be determined carefully each time by local high-precision geodetic surveys or by
satellite positioning systems. This determination is needed to detect any deformation of the
surface ground that could induce a large gravity anomaly (known as the free-air gravity
correction, roughly 0.3086 mGal/m). In addition, other temporal sources of gravity changes such
as near-surface hydrological sources should be taken into consideration and separated from the
COz2 injection response.

Earlier numerical studies demonstrated that time-lapse gravity could be successfully applied as a
monitoring tool for GCS (Gasperikova and Hoversten, 2008; Jacob et al., 2016; Krahenbuhl et
al., 2015). The first deployment of time-lapse gravity surveys at an actual storage site on the sea
floor was implemented at the Sleipner site in Norway (Alnes et al., 2011; Alnes et al., 2008;
Nooner et al., 2007). The repeated surveys allowed gravity anomalies larger than 10 uGal (1 Gal
=1 cm/s?) to be detected, and constrained the density of the injected CO2 and the rate of
dissolution. However, the depth of COz2 injection operations, generally deeper than 800 m, and
the error associated with gravity surveys (typically 5 uGal according to Jacob et al. (2010)), limit
the performance of surface measurements.

4.3 BOREHOLE GRAVITY

Popta et al. (1990) and Gasperikova and Hoversten (2008) demonstrated that borehole gravity
measurements are sensitive to a geological structure of a sufficient density contrast if the
distance between the device and the structure is less than one or two times the thickness of the
zone of the density contrast. Figure 27 (Figure 6 in Gasperikova and Hoversten, 2008) shows a
CO2 wedge of 250-m radius and density of 2,260 kg/m? (representing 20% CO: saturation in
20% porosity) inside of a 100-m thick sand layer with a density of 2,285 kg/m? at the depth of
1,000 m. The background density is 2,160 kg/m?. The borehole gravity response as a function of
distance from the wedge edge is shown in Figure 28. The maximum response at the edge of the
CO2 wedge is 10 pGal. (due to 1% change in density). The responses decrease with distance
away from the wedge: 50 m away from the wedge the response is 6 uGal., 100 m away response
decreases to 4.4 uGal., and 200 m away it is down to 2.5 uGal.
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Figure 27: CO2 wedge model.
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Figure 28: Borehole gravity response of the model in Figure 27a as a function of distance from
the wedge edge.

The feasibility of borehole gravity monitoring was also investigated by using a simple prism
model (Figure 29) and calculating three-component gravity responses. CO2 plume was
represented by a prism of a constant thickness (20 m) and varying horizontal dimensions based
on the CO2 mass. The density contrast with the host rock varies with depth due to the variation of
CO:2 density with depth. Surface temperature of 10°C, hydrostatic pressure gradient of 9.84
MPa/km, geothermal gradient of 25°C/km, and porosity of 25% were used for all scenarios.
Scenarios included five different values of CO2 mass from 10 to 100 kt, seven different levels of
COz2 saturation from 5% to 50%, and 13 different depths from 50 m to 3,000 m.
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Figure 29: Conceptual model for borehole gravity measurements calculations.

For each depth of the prism top, the hydrostatic pressure is determined using the hydrostatic
gradient and the temperature using the geothermal gradient. Then the corresponding CO2 and
water densities at this depth are obtained using the table by Lemmon et al. (2018) and finally the
fluid density contrast is obtained by Equation 2.
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The center of the prism is located in x=0 and y=0 of a grid, where the gravity field is computed
at each node. The dimensions of the grid are 6,250 m in x and y and 3,000 m in z. The spacing of
the nodes is constant in z (10 m) and increases by steps in x and y away from the prism (10, 100,
and 250 m). Thanks to the symmetry of the problem, only two components gx and g: can be
computed and only for one quadrant (Figure 30).
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Figure 30: 3D gravity change of the horizontal component gx induced by 10 kt of CO2 plume
represented by a horizontal prism located in x=0, y=0, and z=410 m and 50% CO: saturation.

For each value of the CO2 mass, CO saturation, and depth of the prism top, the gravity
anomalies are computed in each node of the grid using the algorithm proposed by Dubey and
Tiwari (2016). Then the maximum distance from the edge of the prism to the node at which one
of the components (gx or gz) is above a given threshold is determined. The sensitivity of borehole
measurements was evaluated for two detection thresholds, 5 and 10 uGal, which are typical
detection thresholds currently assumed for borehole measurements. In Figures 31-34, the
maximum distance at which a plume can be detected in both horizontal (gx) and vertical (gz)
components is plotted as a function of depth for seven different CO2 saturations, two detection
thresholds, and six different CO2 masses.

For deep CO2 plumes (supercritical conditions), the borehole would have to be located within
few tens of meters of the edge of the CO2 plume to be able to detect it, ranging from 20 to 200 m,
depending on the mass of CO2 and CO: saturation. At shallow depths, the detection of plumes
becomes easier and can reach up to 1,500 m away for the biggest CO2 plume.

The mass of the CO2 plume is fundamental for its detection. As shown in Figure 31 for a
detection threshold of 5 uGal, a scenario with 30% CO2 saturation (green dot), and the CO2
plume at 200-m depth, the detection distance will range from less than 500 m to about 1000 m,
for CO2 mass of 10 and 100 kt, respectively.

The smaller the detection threshold, the greater the chances of plume detection. While the
distance of detection for horizontal component is overall reduced compared to the vertical
component, there is still value of considering it, especially for shallower CO2 plumes. Assuming
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such measurements will be feasible in the near future, they could clearly add an azimuthal
information regarding the location of the plume, which could be of high value.

Borehole gravity surveys applied to GCS have been numerically assessed (Gasperikova and
Hoversten, 2008; Krahenbuhl and Li, 2012; Krahenbuhl et al., 2015), but only a limited number
of field tests have been undertaken. The most documented study was done for the field test
conducted at the Cranfield site, Mississippi (Dodds et al., 2013). That field test yielded results
about density changes associated with COz2 injection in a complex geologic environment.
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Figure 31: Maximum distance of detection vs. depth of a 5-uGal change in the vertical gravity
component g; for (a) 10 kt, (b) 20 kt, (c) 30 kt, (d) 40 kt, (e) 50 kt, and (f) 100 kt CO2 mass and
COz2 saturations varying from 0.05 to 0.5 (5-50%) (colored dots).
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Figure 32: Maximum distance of detection vs. depth of a 5-uGal change in the horizontal
gravity component gx for (a) 10 kt, (b) 20 kt, (c) 30 kt, (d) 40 kt, (e) 50 kt, and (f) 100 kt CO-
mass and CO: saturations varying from 0.05 to 0.5 (5-50%) (colored dots).
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Figure 33: Maximum distance of detection vs. depth of a 10-uGal change in the vertical gravity
component g; for (a) 10 kt, (b) 20 kt, (c) 30 kt, (d) 40 kt, (e) 50 kt, and (f) 100 kt CO2 mass and
CO:2 saturations varying from 0.05 to 0.5 (5-50%b) (colored dots).
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Figure 34: Maximum distance of detection vs. depth of a 10-uGal change in the horizontal
gravity component gx for (a) 10 kt, (b) 20 kt, (c) 30 kt, (d) 40 kt, (e) 50 kt, and (f) 100 kt CO:
mass and COz saturations varying from 0.05 to 0.5 (5-50%) (colored dots).
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5. ELECTRICAL AND ELECTROMAGNETIC MONITORING

5.1 BACKGROUND

Electrical and EM techniques measure electric (E) and magnetic (B or H) fields caused by
currents that are injected into the ground by contacting electrodes or a time-varying magnetic
field induced to flow into the ground by inductive sources. Electrical techniques, also called
resistivity techniques, use only current and voltage measurements at frequencies low enough at
which EM induction effects are negligible. EM techniques require frequency-dependent sources
to induce currents in the ground. Magnetic fields are produced from currents created from both
types of sources. When the earth’s natural electromagnetic fields are used as a source the
technique is called magnetotellurics (MT).

The goal of the monitoring survey is to identify changes in resistivity caused by a CO2 plume
displacing formation brine. The resistivity of COz2 is high, similar to gas or air, while the
resistivity of brine in deep brine-bearing formations is low. The relationship between fluid
resistivity (p,,) and total dissolved solids (TDS) and temperature is shown in Figure 35. These

anomalies would be formed if CO2 moves into and replaces the brine in the formation.

The bulk electrical resistivity of the subsurface is highly sensitive to changes in key formation
properties such as porosity, pore fluid resistivity, and fluid saturation. A wide range of empirical
relations exists for linking formation and electrical properties. Archie’s Law (Archie, 1942),

which describes the electrical resistivity (p,) of sedimentary rocks as a function of water
saturation (Sw), porosity (¢), and pore fluid resistivity (p,,) is commonly used,

—mpW
py=2ag S_vl?/

where a is tortuosity, and m and n are constants with 1.8 <m <2 and n = 2.

Figure 36 shows the rock bulk resistivity (pb) as a function of CO2 saturation (Scoz) for the
formation with brine resistivity of 0.3 Ohm-m and 35% porosity. The replacement of highly
conductive (low resistivity) saline fluids with resistive COz2 results in resistivity increase in the
formation. When CO:z is present at shallow depths, dissolution of CO2 causes an increase in TDS
and results in resistivity decrease.
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Figure 35: Fluid resistivity as a function of NaCl concentration and temperature.
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Figure 36: Rock bulk resistivity (pvn) as a function of CO: saturation (Scoz). Pore fluid
resistivity is 0.3 Ohm-m, porosity is 35%, a =1, m = 2, and n=2.

When CO:z is injected into a formation originally filled with brine, electrical resistivity can be used
to determine COz2 saturation using the following:

Seo, =15, =1L
@ Py

or by the ratio of pre-injection (po) to monitored (pn) resistivity (Carrigan et al., 2013):
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Scoz = 1— (%)Un,

where n is the saturation exponent, and 2.0 is the widely used default value.

When a formation contains a substantial amount of clay, an additional parameter—the ratio of
volume of sand to volume of clay—is necessary (e.g., Nakatsuka et al., 2010).

Figure 37 illustrates a decrease in the response with increasing distance between the target and
where the measurements are made using resistivity techniques.
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Figure 37: Apparent resistivity response of 1,000 Ohm-m and 50-m thick layer in a 100 Ohm-
m half-space as a function of layer depth.

5.2 EM MONITORING FOR RESISTIVE TARGETS

Numerically simulated CO2 plumes at the Kimberlina site in the San Joaquin Valley, California,
were used to evaluate feasibility of using EM for time-lapse monitoring. As described in Section
2.2, these models include a primary CO2 plume in the storage reservoir (depths of 2,800-1,600
m), and secondary plumes in three shallower formations (at depths from 200 to 1,600 m)
developed by CO2 migration through a dipping fault. Scenarios with the secondary plumes under
supercritical CO2 conditions in the lower two zones and under gas CO2 conditions in the
uppermost zone were studied. Both surface configurations and borehole-to-surface arrays were
considered (Figure 38) with a focus on deep secondary CO2 plumes tracking (Figure 39).

Controlled source EM (CSEM) surface configurations are more sensitive to shallow features, and
thus in these scenarios detect the shallowest secondary CO2 plumes only (red curve in Figure
38b). Borehole-to-surface CSEM configurations are more sensitive, and hence feasible for time-
lapse monitoring and detection of CO2 plumes at various depths (Figure 38c). These fit-for-
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purpose configurations would be suitable for early leak detection. The measured signal has to be
above the detection threshold for tracking the plume with time (Figure 39c). Figure 39c
illustrates that the monitoring signal at time-1 (yellow curve) is within the noise level, and hence
would not be effective in detecting small amounts of CO: in the top and bottom layers of the
formation (yellow outline in Figure 39a). Once the COz fills the formation (magenta outline in
Figure 39a) and forms a plume, the signal level is clearly (magenta curve) above the detection
threshold and indicative of CO2 plume presence. Depth and size of the secondary CO2 plume
plays an important role in the design. This illustrates that the monitoring well location is an

important part of monitoring array design, as it should be to allow for monitoring of a region of
interest.
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Figure 38: (a) Model with CO: plumes at different depths, (b) surface responses, and (c)
borehole-to-surface responses due to CO2 plumes in ().
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Figure 40 illustrates what might be possible if the goal is to estimate subsurface properties
through an inversion of EM data. This figure shows 2D inversion result for another synthetic
model (brown outline) similar to previous models. This result illustrates that while the location
of the plume is recovered correctly (high resistivity values; warm colors), the subsurface
resistivity distribution is overestimated at the top of the structure and underestimated at the
deeper part of the structure.
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Figure 40: 2D EM inversion of synthetic data. True model is shown by brown outline.

An example of a successful field data acquisition is again from Sleipner. Marine CSEM data
were acquired along a single line above the area of the CO2 plume (Park et al., 2017). The total
length of the towline was ~30 km, with EM source towed just above the seabed, ~10 km beyond
the receiver array. The receivers were deployed on the seabed with 500 m spacing. The quality of
the EM data was excellent, and processing enabled the removal of unwanted signal from the
seabed pipelines. The lateral extension of the CO2 plume was well captured by the EM data
inversion. There was also good agreement between the seismic image and the EM inversion
results, albeit without resolving detailed layering and the exact depth of the CO2 plume because
of much lower EM resolution. These results suggest that the marine CSEM can be an important
tool for offshore CO2 storage monitoring, especially when combined with seismic and gravity.

These fit-for-purpose borehole-to-surface CSEM monitoring arrays are suitable for monitoring
over large areas, but have yet to be tested at actual sites. Some traditional and established
techniques, e.g., electrical resistance tomography (ERT), were used at early CO2 injection pilot
sites. An example of a successful ERT deployment was an experimental cross-well ERT system
operated successfully for more than 1 year obtaining time lapse electrical resistivity images
during the injection of approximately 1-million tons of CO: at a depth exceeding 3,000 m in an
oil and gas field in Cranfield, Mississippi (Carrigan et al., 2013). Furthermore, it is important to
point out that these ERT results were the first to suggest that the site conceptual model was more
complicated than first assumed (Zhou et al., 2019). The first long-term evaluation of a technical
performance of the ERT electrode array was done at the Ketzin site (e.g., Schmidt-Hattenberger
et al., 2016 and references therein) for monitoring of a reservoir at the depth of 600 m. The
permanent ERT array operated for more than 7 years, including 5 years of the COz2 injection.
Both experiments and many others demonstrated the value of cross-well ERT in subsurface
imaging on a small scale because of measurements proximity to the target of interest. The aspect
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ratio (borehole spacing/instrumented wellbore length) should be <0.75 in order to get
tomographic results with sufficient image resolution (LaBrecque et al.,1996). The disadvantage
of cross-well ERT arrays is their limited areal coverage, which makes them unsuitable for
monitoring over large areas.

5.3 EM MONITORING FOR CONDUCTIVE TARGETS

Synthetic model scenarios were based on a hypothetical, commercial-scale GCS reservoir at the
Kimberlina site in the southern San Joaquin Basin, California, where CO2 and brine leak through
legacy well into shallow aquifers, as described in Section 2.2. Over 900 aquifer impact datasets
were used to capture the uncertainty in the subsurface geology and leakage scenarios. Brine and
CO:2 leakage results in subsurface changes in pressure, CO2 saturation, and TDS. CO2 buoyancy
allows a significant fraction of CO: to reach shallower permeable zones. An example of one such
scenario is shown in Figure 41.
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Figure 41: Contour plots of TDS increase above background (top) and CO: saturation
(bottom) are shown at 50 years for a leaking well 1 km from the CO: injector, a high
groundwater gradient, high wellbore permeability, and two leaky aquifers.

Forward simulations were done using 2D ERT profile with 40-m electrodes spacing run along
the center line of leakage plumes, which intersects the leaky wellbore. The profile was 3,000-m
long, which gives an approximate depth of penetration at 600 m (Yang et al., 2019). MT data
were simulated along the same profile with 250-m station spacing.

In a shallow aquifer, dissolved CO2 lowers fluid resistivity, but gas-phase CO: increases
formation resistivity. These two opposite effects cancel each other to a certain extent, but
dissolved CO2 has a greater impact on formation resistivity, which results in overall decrease of
formation resistivity (Yang et al., 2015).
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The results are shown in Figure 42. Detection thresholds of 10% and 20% change in apparent
resitivity for ERT and MT, respectively, were used in this study. The smallest detectable mass is
indicated by the vertical dotted red line in Figures 42a and 42b, indicating that both techniques
can detect a CO2 leakage of 20 kt or larger.
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Figure 42: Apparent resistivity change as a function of CO: leakage mass for (a) ERT and (b)
MT. Colors represent time steps.

Figure 43 shows the changes in apparent resisitivity as a function of CO2 saturation for ERT
(Figure 43a) and MT (Figure 43b) techniques. The colors and symbols indicate the plume depth
and volume. Both techniques are sensitive to the same subsurface properties, and the results are
comparable. In general, only shallow and large plumes with a high CO2 saturaton are above a
detection threshold. With the configurations used in these studies, the plumes below 600 m are
not detectable. The volume reported here is the impacted rock volume, which is different (and
much larger) from CO2 volumes reported in other scenarios. The choice of which technique to
use for site monitoring would depend on site conditions and the budget. As mentioned in the
introduction, ERT might be more sensitive to shallow subsurface, but the deployment and
acquisition are more labor intensive. The use of MT would be driven by the depth of the interest,
as the measured signal depends on natural signal strength. If the main target/zone of interest is at
depths (e.g., 1,500-2,000 m) that are resolved by signals at frequencies within a low-natural-

signal band, and that signal is low, MT might not be sensitive to small subsurface changes due to
high levels of data noise.
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6. SUMMARY

The use of 4D seismic to monitor injected CO2 was best demonstrated by the Sleipner project,
which has been conducting 3D seismic surveys over an increasing volume of injected COz2 since
the mid-1990s. This study focused on early detection of secondary CO2 plumes, which meant
imaging much smaller volumes of COz2 than in the case of Sleipner. The size of the secondary
CO2 plume that is detectable strongly depends on the survey geometry, field conditions, and data
processing. A trade-off between the sensitivity to an expected plume size and cost may play an
important role in designing monitoring arrays at GCS sites.

V'SP is an established tool for imaging and monitoring in the vicinity of accessible boreholes
(those which can be entered for sensor deployment). Typically, VSP offers improved spatial
resolution and lower cost, as compared to surface seismic. The applicability of VSP to CO2
storage monitoring has been well established by many projects. The use of permanent fiber
deployment in a well offers very low-cost, highly repeatable VSPs using DAS. For long-term
monitoring, the advantages of permanent DAS are considerable. DAS technology is developing
with the gap between convectional sensors and DAS closing rapidly.

In general, VSP data, like surface seismic data, are typically interpreted qualitatively using some
measure of change in seismic property to delineate a CO2 plume and estimate the spatial
variability in CO2 saturation without quantitative estimates. Qualitative detection of CO2 from
VSPs has been successful following injection of less than 1 kt to 5 kt, with more common
detection after 10 s of kt. Plumes of 10- to 100-m diameter have been delineated. Quantitative
estimation of the spatial variation in CO2 saturation has been performed; however, uncertainty in
rock properties, rock physics models, and geochemical alteration, as wells as unknown
heterogeneity, add to uncertainty in the quantitative results. For the Otway project, analysis of
surface seismic indicates that plumes of 10-30 kt, with diameters of 100-200 m, can be detected
with moderate data quality, and it is reasonable to expect VSP to have similar results within the
vicinity of a monitoring well.

While most small-scale CO2 projects have used a single monitoring well for VSP, typically near
the injection well, it is likely that large scale projects would use multiple wells. The use of fiber
optic sensing opens the possibility of low-cost small diameter (1-2 in.) boreholes with fiber
cables strategically placed to monitor the expanding perimeter or local areas of concern. In this
way, VSP can provide a method of monitoring CO2 plumes as they grow or migrate.

Earlier numerical studies demonstrated that time-lapse gravity could be successfully applied as a
monitoring tool for GCS. The first deployment of time-lapse gravity surveys at an actual storage
site on the sea floor was implemented at the Sleipner site. The repeated surveys allowed gravity
anomalies larger than 10 uGal to be detected, and constrained the density of the injected CO2 and
the rate of dissolution. However, the depth of COz2 injection operations, generally deeper than
800 m, and the error associated with gravity surveys (typically 5 uGal), limit the performance of
surface measurements. To obtain stronger gravity responses, borehole gravity surveys have been
suggested as a method to overcome this challenge. Borehole gravity surveys applied to GCS
have been numerically assessed, but only a limited number of field tests have been undertaken.
The most documented study was done for the field test conducted at the Cranfield site,
Mississippi. That field test yielded results about density changes associated with CO2 injection in
a complex geologic environment.
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Recent engineering advances in gravimeter technology, for use both at the ground surface and in
boreholes, could significantly change the landscape regarding the use of time-lapse gravity
measurements as an efficient and cost-effective method for monitoring subsurface processes.
Detection of gravity variations accompanying mass redistributions in the subsurface caused by
fluid movements in reservoirs provides a unique means for monitoring the dynamics of a carbon
sequestration site. More specifically, it has been recognized as a way to estimate the total amount
of stored COz that can complement the areal definition provided by seismic methods to
determine the volume or saturation of CO2 plumes.

Time-lapse gravity monitoring at the surface or in boreholes can provide fundamental
information related to general behavior of the GCS site, thus providing data used in
demonstrating conformance. The gravity method is the only geophysical method that can provide
a direct estimate of CO2 mass distribution at depth. A decision whether gravity would be
included in a monitoring portfolio will be site specific, and depend on an expected size and depth
of the CO2 plume of interest. The gravity response is inversely proportional to the squared
distance, hence the closer the sensors are to the CO2 plume, the smaller the plume size that can
be detected. When considering long-term monitoring costs, gravity monitoring has the advantage
of being relatively inexpensive compared to other methods.

Electrical and EM techniques infer the distribution of electrical resistivity in the subsurface from
measured electric and magnetic fields. The electrical resistivity of the subsurface is highly
sensitive to changes in formation properties such as porosity, pore fluid resistivity, and fluid
saturation. Resistivity techniques are much more sensitive to low resistivities (conductive
targets), and hence deep resistive targets are much more difficult to detect. The response to a
shallow conductive target is an order of magnitude larger than to the deep resistive target. There
are many possible configurations of sources (transmitters) and receivers (sensors). Depth and
size of the secondary CO2 plume will play an important role in the site specific, fit-for-purpose,
monitoring array design. The advantage of passive techniques (e.g., MT) is an ease of
deployment in the field, and that there are no source/configuration artifacts present in the data.
However, as the natural field strength varies, these fields might not be large enough to produce
measurable secondary signals from the regions of interest. The configurations using the active
source can be optimized for required spatial resolution, but the field deployment is more
expensive and advanced data processing is required.
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