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ABSTRACT 21 

 22 

For geologic carbon storage, the ability to detect secondary CO2 plumes—defined as those CO2 23 

plumes accumulating outside the intended storage reservoir—is fundamental to preventing 24 

unexpected CO2 migration into groundwater resources and for risk and liability management. 25 

Understanding the sensitivity of various geophysical methods to secondary plumes is crucial for 26 

designing cost-effective monitoring schemes. We use several modeling scenarios to demonstrate 27 

the process of assessing sensitivities and detection thresholds of three primary geophysical 28 

techniques—surface seismic, borehole-to-surface electromagnetic (EM), and surface and borehole 29 

gravity—for early detection of secondary CO2 plumes in the post-injection phase. While seismic 30 

reflection methods are often considered in monitoring strategies to track the evolution of CO2 31 

plumes, they are also the most expensive. Due to cost considerations, especially for long-term 32 

post-injection monitoring, other techniques complement seismic monitoring when designing an 33 

adaptive monitoring network. Borehole-to-surface EM or surface gravity surveys are feasible for 34 

time-lapse monitoring of deep secondary CO2 plumes. These surveys could be carried at intervals 35 

defined by site-specific conditions. If time-lapse EM and/or gravity surveys detect any signal 36 

responses beyond the expected change, it would trigger a need for the higher resolution seismic 37 

survey.  38 

  39 
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1. Introduction 40 

Geologic carbon storage (GCS) is recognized as a viable solution to help achieve carbon neutrality 41 

by storing CO2 in deep geologic formations (Baker et al., 2020; IEA, 2021). Monitoring of 42 

subsurface CO2 plumes is an indispensable component of GCS to account for CO2 mass in the 43 

storage formation, meet regulatory requirements, and assure the public of the containment of CO2 44 

in the storage reservoir. Despite the successful implementation of multiple CO2 storage pilot and 45 

commercial-scale projects worldwide (Global CCS Institute, 2020), concerns remain about the 46 

potential migration of CO2 out of the targeted storage formations and the ability of monitoring 47 

technologies to detect the development of secondary CO2 accumulations at early stages. Secondary 48 

plumes are defined in this study as subsurface accumulations of CO2 outside of the intended 49 

injection/storage reservoir but still within a larger storage complex. The storage complex includes 50 

formations above the targeted injection zones with regulatory approval to trap and store migrating 51 

CO2. Previous studies often used leakage and secondary accumulations interchangeably (Pruess, 52 

2008).  53 

 54 

1.1 Reservoir monitoring: a mature and proven suite of technologies 55 

A broad range of technologies have been developed, tested, or fully deployed in the field to 56 

establish monitoring baselines as part of the site characterization activities and to track changes in 57 

subsurface properties during the CO2 injection phase (Figure 1, left and center panels). These 58 

applications include various storage conditions with large or small injection volumes, deep or 59 

shallow reservoirs, and offshore or onshore settings (Jenkins et al., 2015). Common monitoring 60 

methods include seismic, microseismic, gravity, electrical/electromagnetic, downhole temperature 61 
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and pressure, well logging, InSAR, fluid sampling, tracer tests, aquifer geochemistry, soil CO2 62 

concentration, and others (Hovorka et al., 2011; Jenkins et al., 2015; Harbert et al., 2016; Vermeul 63 

et al., 2016; Hannis et al., 2017; Daley and Harbert, 2019; Chadwick et al., 2019; Jenkins, 2020). 64 

These monitoring technologies can directly, indirectly, and in a complementary manner detect and 65 

image CO2 plumes and fluid pressure changes in the deep subsurface with the ultimate goal of 66 

demonstrating that injected CO2 is effectively and safely contained within the storage complex 67 

during the operation phase. Only seismic methods have been deployed at every large-scale GCS 68 

project for pre-injection baseline study and time-lapse monitoring during the injection because of 69 

their deep penetration depth and high spatial resolution (Jenkins et al., 2015; Ajo-Franklin et al., 70 

2013; Zhang et al., 2013; Roach et al. 2015; Furre et al., 2017).  71 

Monitoring tools evaluated in research GCS projects could become mature tools by the time the 72 

first large-scale GCS storage sites enter the post-injection phase. Examples of those include 73 

electrical resistivity tomography (ERT), electromagnetic (EM) methods (Girard et al., 2011; 74 

Carrigan et al., 2013; Schmidt-Hattenberger et al., 2016; Park et al., 2017; Caesary et al., 2020), 75 

gravity monitoring methods (Nooner et al., 2007; Alnes et al., 2008; Alnes et al., 2011; Dodds et 76 

al., 2013; Bonneville et al., 2021), and vertical seismic profiling (Hovorka et al., 2011; Coueslan 77 

et al., 2013; Daley et al., 2015; Gotz et al., 2014; Bauer et al., 2019; White, 2019; Popik et al., 78 

2020). The diversity and availability of various monitoring tools highlight the importance of 79 

adopting a flexible approach during monitoring design that should be adapted as technology 80 

improves. 81 

 82 

 83 
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1.2 Post-injection period: a monitoring approach focused on the early detection of secondary 84 

CO2 plumes 85 

Following cessation of CO2 injection, monitoring activities will continue for a post-injection 86 

timeframe established by the regulator (Figure 1, right panel). Dilmore et al. (2021) demonstrated 87 

that the risk of unintended CO2 migration from the storage reservoir rapidly decreases after the 88 

injection stops. This decrease justifies a change in the frequency, spatial coverage, and spatial 89 

resolution for long-term post-injection monitoring. A monitoring plan should identify technologies 90 

that are sensitive enough to detect the emergence of any secondary CO2 plume before corrective 91 

actions (i.e., mitigation actions) are needed. 92 

This study is therefore motivated by the need to understand the limits and expectations of three 93 

primary geophysical monitoring methods: seismic, EM, and gravity, which could be implemented 94 

for detection of secondary CO2 accumulations, and ultimately to understand the requirements to 95 

design an efficient monitoring strategy for long-term post-injection monitoring at a terrestrial GCS 96 

site. 97 

The sensitivity assessment of seismic and EM methods is based on several model scenarios that 98 

cover the spectrum from simple synthetic CO2 models to complex models based on multi-phase 99 

flow simulations initially established for the Kimberlina storage complex. Appriou et al. (2020) 100 

evaluated the performance of the gravity method on the Kimberlina-2 model. They demonstrated 101 

that the gravity response caused by the presence of a secondary CO2 plume modeled with multi-102 

phase flow simulations could be approached with a simple conceptual model. Building on that 103 

finding, we carried out the sensitivity assessment of gravity using simple conceptual models. We 104 

selected models with the smallest size or geophysical property changes to exercise the lowest 105 

detection limits under the most favorable conditions (e.g., no data noise or limit on data acquisition 106 



-6- 

configurations). We contrasted that with results simulated considering field conditions at a 107 

complex GCS site that provide a more realistic sensitivity assessment. These models would be the 108 

end members of possible scenarios. A typical GCS site would fall somewhere in the middle.  109 

Figure 1. Monitoring at a GCS site and objectives of this study. 111 

 112 

1.3 Previous sensitivity studies  113 

Wang et al. (2018) investigated a relationship between seismic survey parameters and sensitivity 114 

of 2D surface seismic methods to detect a small CO2 plume at a depth of 1000 m. Their work 115 

illustrated that a 60% increase in shot spacing produced a 30% increase in the maximum of the 116 

normalized root-mean-square (nRMS) difference in amplitude caused by the presence of CO2. 117 
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These nRMS difference values, which are a measure of detectability, also increased with a higher 118 

source frequency. The measure of nRMS is a standard calculation for qualitative interpretation of 119 

seismic monitoring data, which does not require supplementary data on rock properties or a rock 120 

physics model of seismic response (Kragh and Christie, 2002). The authors demonstrated that the 121 

detection threshold is inversely proportional to the data signal-to-noise ratio (SNR) in the same 122 

study. The higher the SNR, the smaller the nRMS that can be used for CO2 plume detection. A 123 

simulation study of CO2 migration into shallow aquifers by Yang et al. (2019) concluded that a 124 

CO2 mass as small as 350 tonnes could be detected using a detection threshold of 20% nRMS 125 

difference in noise-free time-lapse 2D seismic data. In the same study, when sparser survey 126 

geometry, a lower source frequency, and a detection threshold of 10% nRMS difference in noise-127 

free data were used, 3D surface seismic data could detect a CO2 plume of 20,000 tonnes or larger.  128 

Thanks to a peak in commercial applications of marine controlled-source electromagnetics 129 

(CSEM) in the first decade of this century, both EM instrumentation and data processing 130 

significantly improved and made EM technologies suitable for time-lapse monitoring. 131 

Gasperikova and Commer (2019 and references therein) discussed the advantages and limitations 132 

of these techniques for CO2 plume monitoring. Yang et al. (2018a) and Yang et al. (2019) 133 

evaluated the detection capabilities of ERT and magnetotellurics (MT) for CO2 that migrated into 134 

shallow aquifers. Using detection thresholds of 10% and 20% change in apparent resistivity for 135 

ERT and MT, respectively, the study indicated that both techniques could detect a CO2 plume of 136 

20,000 tonnes or larger at depths of less than 600 m. 137 

The performance of gravity monitoring solely relies on the mass balance changes over time related 138 

to fluid migration in the subsurface. Numerical studies demonstrated that time-lapse surface 139 

gravity could be successfully applied as a monitoring tool for GCS (Gasperikova and Hoversten, 140 
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2008; Krahenbuhl et al., 2015; Jacob et al., 2016; Appriou et al., 2020; Goto et al., 2020). Borehole 141 

gravity surveys applied to GCS or other reservoirs have been numerically assessed (Sherlock et 142 

al., 2006; Gasperikova and Hoversten, 2008; Krahenbuhl and Li, 2012; Krahenbuhl et al., 2015; 143 

Lofts et al., 2019), but only a limited number of field tests have been undertaken (Dodds et al., 144 

2013; Bonneville et al., 2021). While the advantages of using gravity monitoring for reservoir 145 

surveillance have been well established in the literature, efforts to quantitatively constrain the 146 

feasibility of the method to detect secondary plumes remain limited (Appriou et al., 2020; 147 

Wilkinson et al., 2017). 148 

In this paper, for each of the three primary geophysical monitoring methods (Sections 2-4), we 149 

describe the models, the approach, and the results for sensitivity study, including examples of both 150 

detectable and undetectable plumes. Section 5 demonstrates how the information from previous 151 

sections could be used for monitoring design evaluation when multiple techniques are considered. 152 

Finally, we summarize the main findings in the Conclusions. 153 

 154 

2. Seismic monitoring 155 

2.1 A synthetic CO2 plume model  156 

A conceptual model used for this study assumes that CO2 moves out from the storage reservoir, 157 

accumulates in a secondary trap above the storage horizon, and forms a cone-shaped plume. This 158 

assumption is reasonable since CO2 that migrates upward is subject to buoyancy forces and 159 

capillary trapping. As the thickness of the secondary trap layer becomes smaller, the difference 160 

between the cone-shaped and a cylindrical- or a prism-shaped plume is minimal, and these shapes 161 

could be used as a first approximation as was done in gravity monitoring in Section 4. The size of 162 
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the region containing CO2 must be sufficient to generate an interpretable signal at the surface. 163 

Using a realistic geological model of the subsurface, we made calculations to assess the seismic 164 

response of 1,000 tonnes of CO2 accumulation at depths from 500 to 2000 m. A hydrostatic pore 165 

pressure gradient and lithostatic pressure increasing with a gradient of 22.6 kPa/m were assumed, 166 

and a geothermal temperature gradient of 30°C/km was used. The density of the CO2 was obtained 167 

using the NIST Mixture Property Database (1992). Table 1 provides the calculated properties for 168 

selected depths.  169 

 170 

Depth (m) T (˚C) P (MPa) 
CO2 density 

(kg/m3) 
Phase 

500 30 4.9 120.24 Gas 

800 39 7.8 270.35 Supercritical 

1000 45 9.8 466.76 Supercritical 

1300 54 12.7 570.34 Supercritical 

2000 75 19.6 617.11 Supercritical 

Table 1. Depths, temperatures, pressure, and CO2 density used in the calculations. 171 

 172 

The secondary trap was a brine-saturated unconsolidated sand layer with a thickness varying from 173 

5 to 100 m, P-wave velocity of 3050 m/s, and density of 2285 kg/m3. The width of the CO2 plume 174 

is based on the size of the first Fresnel zone, with 2530 m/s P-velocity and 2260 kg/m3 density. 175 

The Fresnel zone defines a lateral dimension of seismic resolution—the area where seismic waves 176 

interfere with each other constructively, and it is a function of frequency and seismic velocity. The 177 
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P-wave velocity of the shale is 2700 m/s with its density of 2160 kg/m3. The seismic wave center 178 

frequency is 30 Hz. For these conditions, the first Fresnel zone diameter is approximately 320 m. 179 

Calculations were carried out for plume widths of 0.5-2.0 Fresnel zones. Full 2D elastic seismic 180 

simulations were carried out with and without noise, followed by the production of zero-offset 181 

stacked sections and Kirchhoff time migration. The data processing and migration mimicked the 182 

steps of conventional field data processing and interpretation.  183 

Sensitivity studies have been conducted to assess the influence of accumulation thickness, CO2 184 

saturation, and the presence of accumulations at multiple depths. This model also includes the 185 

change from supercritical to gas phase, as the CO2 rises above the 800-m depth when the density 186 

decreases and the compressibility increases, which significantly improves seismic detection limits. 187 

Based on these parameters, it is possible to calculate the radius of the cone-shaped accumulation. 188 

Figure 2 shows plots of radius as a function of depth for a 1,000-tonne accumulation with a range 189 

of thicknesses and CO2 saturations. As expected, when the accumulation moves toward the surface, 190 

it becomes significantly larger owing to the associated decrease in density. For the same mass, and 191 

a given depth, the plume size is inversely proportional to CO2 saturation. Note that the volume of 192 

a CO2 plume at 800 m depth is only twice the volume of the plume at 1300 m depth. However, the 193 

volume of the same plume at 100 m would be 30 times larger than that at 1300 m depth (caused 194 

by the CO2 change from the supercritical to the gas phase). This observation poses a challenge: 195 

Can one design a monitoring array that detects secondary CO2 plumes before they reach 196 

groundwater formations for a cost that is less than possible mitigation costs? 197 

 198 
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   (a)               (b)               (c) 200 

Figure 2. Size of 1,000 tonne accumulations as a function of depth below the surface for CO2 201 

saturation of (a) 5%, (b) 10%, and (c) 20%. The radii of the CO2 plume in 10-, 30-, and 202 

100-m-thick layers are shown in blue, magenta, and red, respectively. 203 

 204 

At 2000 m depth, the 5 m thick sand layer model produces no discernable reflection since the layer 205 

thickness is on the order of 5% of the seismic wavelength. The 10 m thick sand layer model 206 

generated a reflection, but none was observed at the location of the CO2 plume. The CO2 plume in 207 

a 30 m thick layer can be imaged; the reflections are generated at the brine- and CO2-saturated 208 

sand interface. There is a sufficient thickness of brine-saturated sand beneath the CO2 wedge to 209 

generate a reflection. For these models, the plume width is less than a Fresnel zone, and the layer 210 

thickness is similar to or less than the layer tuning thickness. Even though the CO2 plume is 211 

detected, interpretation of the reflection for fluid properties would be difficult because of 212 

geometric effects. A plume large enough to prevent contamination of reflections by geometrical 213 

effects has a width of about 480 m in 100 m thick sand.  214 
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The type and magnitude of noise present in the data are key considerations for defining a detectable 215 

signal. For this time-lapse monitoring approach, both static and dynamic noises were added to the 216 

data, based on what has been encountered on average for land acquisition. Both sets of synthetic 217 

shot gathers, without and with noise, were run through standard velocity analysis to determine 218 

interval velocities for normal move-out corrections and Kirchhoff time migration. Figures 3a-3d 219 

show the time-lapse differences between the response when the CO2 plume was present and the 220 

initial conditions for 30 m thick plumes of CO2 with 20% saturation at depths of 500, 800, 1000, 221 

and 1300 m. While the accumulations at 500 and 800 m depths are detectable, at 1000 and 1300 222 

m depths, the response is of the same order as the noise. It may be difficult to ascribe a meaningful 223 

change in the section unless the SNR ratio is improved. 224 

 225 
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(a)               (b) 227 

           (c)              (d) 229 

Figure 3. Differences between migrated sections for the initial conditions and 1,000 tonne CO2 230 

accumulations at depths of (a) 500 m, (b) 800 m, (c) 1000 m, and (d) 1300 m. A saturation of 20% 231 

and 30-m thickness of the cone-shaped accumulation is used for these calculations. The seismic 232 

response for the accumulation at depths of 500 and 800 m is detectable; however, the response of 233 

the accumulation at depths of 1000 and 1300 m is in the noise level of the survey. 234 

 235 

 236 

 237 
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2.2 Physics-based simulated model: Kimberlina-2 238 

The second set of model scenarios was based on a 3D model of the Kimberlina site in the southern 239 

San Joaquin Basin, California, simulating a commercial-scale GCS using the TOUGH2-240 

MP/ECO2N simulator (Pruess, 2004; Zhang et al., 2008). In the version of this model known as 241 

Kimberlina-2, the hypothetical injection well was ~3 km away from a steeply dipping fault. CO2 242 

was injected at a rate of 2.5 Mt/year for 60 years. Because of CO2 buoyancy and local geology, the 243 

primary CO2 plume develops up-dip in the storage reservoir and along the fault that acts as a 244 

hydraulic barrier laterally, after CO2 injection stops. It takes approximately 40 years for CO2 in 245 

the reservoir to reach the fault, and then CO2 migrates along the fault up-dip to the southeast.  246 

At an arbitrary time after the end of the injection, changes in the fault permeability through leaky 247 

windows (high-permeability zones) were introduced to allow for the migration of CO2 from the 248 

reservoir to secondary formations above the reservoir. The deepest secondary formation, the 249 

Olcese Formation, is located between 1100 and 1600 m in depth (because of steeply dipping strata) 250 

and is the focus of this study. The middle one, the Santa Margarita Formation, lies between 600 251 

and 1200 m in depth, and the shallowest formation, the Etchegoin Formation, is located between 252 

200 and 500 m in depth. The secondary plumes were under the supercritical CO2 conditions in the 253 

lower two zones and the gas phase conditions in the uppermost zone. Modeling scenarios included 254 

the secondary CO2 plume in one of these three formations (Figure 4a) or plumes in all of them 255 

simultaneously (Figure 4b). We define the region containing the reservoir and formations above, 256 

including the secondary seal, as the storage complex. Hence, the CO2 plume in the Olcese 257 

Formation would be within the storage complex but outside of the storage reservoir. These models 258 

were used to evaluate the capability of seismic and EM techniques to detect deep CO2 plumes in 259 

complex geology.  260 
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(a)                                                                            (b) 262 

Figure 4. CO2 saturation cross-sections for a scenario with (a) a single secondary CO2 plume in 263 

Olcese Formation and (b) three secondary CO2 plumes present in the (1) Olcese, (2) Santa 264 

Margarita, and (3) Etchegoin formations. The secondary CO2 plume in Olcese Formation is 265 

within the storage complex.  266 

 267 

A 2D line through the CO2 plume location along the W-E direction was extracted and used to 268 

generate synthetic surface seismic reflection data with a vertical-force point source. The synthetic 269 

data consisted of 183 shots and 183 receivers with a 60-m source-receiver interval and a 6.6-km 270 

maximum recording offset. The source time function was a 20-Hz Ricker wavelet for 271 

computational efficiency. The source in the field usually emits seismic waves with a bit higher 272 

frequencies into the Earth. That higher frequency data would result in images with a higher spatial 273 

resolution. Three-component data were simulated to a 6.2-s two-way travel time using a high-274 

order, finite-difference, elastic-wave modeling algorithm. Least-squares elastic reverse-time 275 

migration (LSRTM) was used to invert for the images of P- and S-wave velocities and density by 276 

minimizing the waveform difference between the synthetic and predicted data (Duan et al., 2017; 277 

Feng and Schuster, 2017). The time-lapse differences were calculated between inversion models 278 

with CO2 plume and baseline conditions (no CO2 plume).  279 
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As discussed for the previous model, the capability of seismic imaging to locate secondary CO2 280 

plumes using seismic data depends on the noise levels in the data. We also added seismic noise 281 

extracted from a field surface seismic dataset acquired at Kevin Dome, Montana (Clochard et al., 282 

2018), to the synthetic reflection data. We then performed elastic LSRTM using both noise-free 283 

and noisy synthetic data with different SNR levels.  284 

Figure 5 shows an example of such a time-lapse difference: The actual P-wave velocity difference 285 

in the model is depicted in Figure 5a, the normalized difference in P-wave velocity image using 286 

noise-free data is displayed in Figure 5b, SNR=5 is shown in Figure 5c, and SNR=2 is shown in 287 

Figure 5d. The estimated location of the secondary plume agrees very well with the actual model, 288 

even though the image contains some artifacts, particularly for noisy data. These results illustrate 289 

the capability to locate deep CO2 plumes using surface seismic data and advanced seismic imaging. 290 

Similar results were obtained for shallower plumes and models with multiple plumes (not shown).  291 

 292 
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(a)          (b) 294 

   (c)          (d) 296 

Figure 5. (a) Actual model P-wave velocity difference for a CO2 plume at 1500-m depth, and 297 

normalized P-wave velocity image difference using (b) noise-free data, (c) noisy data with 298 

SNR=5, and (d) noisy data with SNR=2. The estimated location of the secondary plume in (b) 299 

and (c) agrees very well with the actual model (a); with significant noise in the data (d), the 300 

detection capabilities degrade.  301 

 302 

Seismic migration imaging is a stacking process to improve the SNR of the seismic image 303 

compared with the SNR of seismic data. In simple common-mid-point (CMP) stacking, the SNR 304 
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can theoretically be improved by a factor of √𝑁𝑁, where 𝑁𝑁 is the trace number for CMP stacking 305 

(Yilmaz, 2001; Dai, 2012). Hence, the migration image should have a higher SNR than the SNR 306 

of the seismic data. 307 

Since the detectability of a secondary CO2 plume strongly depends on the seismic data acquisition 308 

geometry, we further study the seismic imaging capability with sparser and shorter offset 309 

acquisition geometry using noisy data with data SNR=2. This study would be appropriate when 310 

evaluating whether seismic acquisition costs could be reduced. We performed seismic simulation 311 

and imaging with 183, 157, 138, 122, 110, and 100 receivers/shots uniformly distributed on the 312 

surface (fixed 6.6-km maximum recording offset). Figure 6 provides an image of SNR versus √𝑁𝑁 313 

(red dots), where 𝑁𝑁 is approximated by the total recorded trace number. Sparser receivers/shots 314 

decrease the quality of seismic image, and the ratio of image SNR to √𝑁𝑁 is approximately constant 315 

(indicated by the dashed black curve in Figure 6). The quality of a seismic migration image also 316 

depends on the recording offset of the acquisition geometry. We also performed seismic modeling 317 

and imaging for 5.5-, 4.4-, 3.3- and 2.2-km maximum recording offsets (fixed 60-m receiver/shot 318 

intervals) (blue dots in Figure 6). A shorter offset decreases the quality of seismic image, and the 319 

ratio of image SNR to √𝑁𝑁 is mostly the same constant as sparser receivers/shots (dashed black 320 

curve).  321 

This approximate relationship can be used to help determine whether a denser or longer-offset 322 

acquisition geometry is worth the increase in seismic image quality. We do not give the value of 323 

constant for approximating the ratio of image SNR to √𝑁𝑁 because this value depends on a specific 324 

model, in addition to source and acquisition types. Note that the relationship is not valid if the 325 

acquisition geometry is too sparse and generates strong aliasing artifacts in migration images. It is 326 
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also not valid if the acquisition geometry has a very short offset, as shown by the blue dot at the 327 

bottom right of Figure 6 for 2.2-km maximum recording offsets. The reason is that our synthetic 328 

seismic data record very weak S-wave events at near offsets. In addition, seismic traces recorded 329 

at large and small offsets are usually different in field data. 330 

 331 

Figure 6. Image SNR versus √𝑁𝑁 for acquisition geometry with sparser receivers/shots (red dots) 333 

and shorter recording offsets (blue dots). The dashed black curve is for image SNR to √𝑁𝑁 = C, 334 

where C is a constant factor.  335 

 336 

3. Electrical and electromagnetic monitoring  337 

3.1 Resistivity response to CO2 338 

Thanks to commercial interest in large-scale GCS projects, another peak in EM applications and 339 

inclusion in monitoring packages is possible. Electrical and EM techniques are complementary to 340 

seismic or gravity methods because they are sensitive to changes in fluid properties. The goal of 341 

time-lapse monitoring is to identify changes in resistivity caused by a CO2 plume displacing 342 
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( )bρ  of the subsurface 344 

depends on formation properties such as porosity ( ),φ  pore fluid resistivity ( )wρ , and fluid 345 

saturation (Sw). Furthermore, pore fluid resistivity depends on total dissolved solids (TDS) and 346 

temperature, as shown in Figure 7a—the higher the TDS or temperature values, the lower the pore 347 

fluid resistivity. Archie’s law (Archie, 1942) is one of several empirical relationships linking 348 

sedimentary rock formations and electrical properties:  349 

m w
b n

w

a
S
ρρ φ −=  350 

where a is tortuosity and m and n are constants, with 1.8 < m ≤ 2 and n ≅ 2.  351 

When a formation contains a substantial amount of clay, other site-specific rock physics models 352 

should be used. Figure 7b shows the rock bulk resistivity (ρb) as a function of CO2 saturation (1-Sw) 353 

for the formation with brine resistivity of 0.33 Ohm-m and porosities from 20% to 50%. The 354 

replacement of saline fluids (low resistivity) with CO2 (high resistivity) in deep saline formations 355 

increases the resistivity. In shallow aquifers, dissolved CO2 decreases fluid resistivity, but gas-356 

phase CO2 increases formation resistivity. These two opposite effects cancel each other out to a 357 

certain extent, but dissolved CO2 has a more significant impact on formation resistivity, which 358 

results in an overall decrease in formation resistivity (Yang et al., 2015).  359 

 360 
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     (a)           (b) 362 

Figure 7. (a) Pore fluid resistivity as a function of TDS and temperature shown in color; (b) rock 363 

bulk resistivity (ρb) as a function of CO2 saturation and porosity ( )φ  (shown in color). Pore fluid 364 

resistivity is 0.33 Ohm-m, a =1, m = 2, and n=2. Pore fluid resistivity decreases with increasing 365 

TDS or temperature. Rock bulk resistivity increases with CO2 saturation and decreases with 366 

porosity. 367 

 368 

When monitoring is designed for detection of secondary CO2 plumes, it is expected that CO2 369 

saturations would be at the lower end, which supports high sensitivity of resistivity to CO2 370 

saturation changes. 371 

Surface resistivity surveys have been used extensively for monitoring in the upper 600 m in depth. 372 

Figure 8 illustrates the rapid decrease in the response change due to CO2 presence, with an 373 

increasing target depth for such techniques.  374 

 375 
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Figure 8. Apparent resistivity changes as a function of target depth for surface resistivity 377 

techniques. The response due to CO2 presence decreases with an increasing target depth. 378 

 379 

3.2 Kimberlina-2: Surface and borehole-to-surface EM monitoring 380 

To evaluate the feasibility of using CSEM for time-lapse monitoring of deep plumes, numerically 381 

simulated CO2 plumes using the Kimberlina-2 model (see Section 2.2 for the model description) 382 

were used. Both surface and borehole-to-surface configurations were considered (Figure 9). For 383 

surface configurations, both transmitters and receivers were on the surface (Figure 9a). For 384 

borehole-to-surface arrays, transmitters were in a borehole and receivers were on the surface 385 

(Figure 9b). Surface configurations were only sensitive to shallow features (e.g., plume (3) in 386 

Figure 9a) and detected only the shallowest secondary CO2 plumes (red curve in Figure 9c). 387 

Borehole-to-surface configurations, where the transmitter position was optimized for zones of 388 

interest, were more sensitive to deeper plumes and hence are feasible for time-lapse monitoring 389 

and detection of CO2 plumes at various depths (Figure 9d).  390 
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(a)                                                                     (b) 392 

(c)           (d) 394 

Figure 9. A model with CO2 plumes at three different depths: (1) 1500 m, (2) 1000 m, and (3) 395 

300 m with (a) surface array and (b) borehole-to-surface array. Receivers are shown as black 396 

circles and transmitters are shown as black rectangles. The difference in electric field amplitude 397 

for (b) surface array and (c) borehole-to-surface array due to CO2 plumes shown in (a) and (b).  398 

 399 
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When the objective is to monitor deep secondary CO2 plumes (Figure 10), the measured signal 400 

must be above the detection threshold for tracking the plume with time (Figure 10c). The detection 401 

threshold was selected based on field experience from past EM surveys. This value would be 402 

established based on site-specific field conditions. As illustrated in Figure 10a, CO2 initially 403 

migrates into two separate layers of the formation (yellow outline in Figure 10a), and the difference 404 

in electric field amplitude (yellow curve in Figure 10c) caused by these two CO2 accumulations is 405 

within the noise level. Hence, EM would not be effective at detecting these separate CO2 plumes. 406 

Once the CO2 fills the formation (magenta outline in Figure 10a) and forms one plume, the 407 

difference in the electric field amplitude (magenta curve in Figure 10c) is clearly above the 408 

detection threshold and indicative of CO2 plume presence. Under favorable conditions, the plume 409 

could be detected at t1+5 years. As the CO2 plume grows, the time-lapse difference in electric field 410 

amplitude increases (magenta, blue, and green lines in Figure 10c). The changes in subsurface 411 

resistivity caused by CO2 presence for time t1+ 40 years are shown in Figure 10b. This example 412 

illustrates that optimizing transmitter and receiver positions in the monitoring array allows the 413 

measured signal from the zones of interest to be maximized. These fit-for-purpose CSEM 414 

monitoring arrays would be suitable for monitoring over large areas, although they have yet to be 415 

tested at actual sites.  416 
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(a) 418 

(b) 420 

(c) 422 

Figure 10. (a) The model with CO2 plume at 1500-m depth: receivers are shown as red circles, 423 

the transmitter is shown as a red rectangle; (b) changes in subsurface resistivity due to CO2 424 

presence at t1+40 years; and (c) difference in electric field amplitude at t1, t1+5, t1+10, t1+15, and 425 

t1+40 years using borehole-to-surface EM configuration (t1 is the time of the seismic survey 426 

shown in Figure 5). 427 
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 428 

4. Gravity monitoring  429 

4.1 From multi-physics models to simplified approaches 430 

Multi-physics models are important for integrating the geological complexity of a storage site. 431 

When planning gravity surveys, consideration should be given to the extent and expected 432 

magnitude of the predicted anomaly associated with the CO2 migration in the subsurface. Appriou 433 

et al. (2020) used Kimberlina-2 models (described in Section 2.2) to evaluate the performance of 434 

time-lapse gravity monitoring to detect CO2 accumulations. They found that calculations using an 435 

analytical solution for a vertical cylinder model were a good first-order approximation of responses 436 

from multi-physics Kimberlina-2 models to evaluate the gravity response associated with the 437 

presence of secondary CO2 plumes. This approach could be used in the early stages of GCS site 438 

evaluation when subsurface properties are subject to considerable uncertainty. Multiple simple 439 

models based on this approach were used in this study to assess the feasibility of gravity monitoring 440 

and identify the conditions required to detect potential secondary CO2 accumulations. 441 

The gravity signal is directly influenced by the change in bulk density. The bulk density change, 442 

∆d,  associated with the CO2 migration in the subsurface can be expressed as (Eiken et al., 2008; 443 

Jacob et al., 2016): 444 

 ∆d =  ∆SCO2ϕ  �dCO2 − dbrine�  445 

where ∆SCO2 is the change in CO2 saturation, and considering here that porosity changes are 446 

negligible. This statement can be subject to discussion as porosity changes may be observed but 447 

are usually limited to the near-wellbore region, where fluid-rock interaction may lead to 448 
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dissolution, such as in carbonate formations (Seyedi et al., 2020). Also note that ground surface 449 

deformations caused by injection-induced pore pressure increase and the subsequent 450 

geomechanical response of the storage complex have been observed at onshore sites (Vasco et al., 451 

2010; Mathieson et al., 2011) and were recently discussed in Kabirzadeh et al. (2020) to evaluate 452 

the impact of surface deformation on the gravity response. Geodetic measurements are usually 453 

integrated into the monitoring program of GCS sites so that the effects of surface displacement can 454 

be removed from the observed gravity response to obtain gravity changes related exclusively to 455 

the density changes associated with CO2 injection. 456 

The accuracy of gravity measurements depends on the sensitivity of instruments and whether the 457 

surveys are conducted on land or at sea, at the surface, or in a borehole. The most recent land 458 

superconductive gravimeters have a precision of 1 μGal (10-8 m/s2) (Van Camp et al., 2016). 459 

Various corrections of gravity measurements impact the accuracy and repeatability of gravity 460 

surveys. Reported errors associated with time-lapse gravity measurements are 5 μGal (Jacob et al., 461 

2010), and measurements repeatability about 1 μGal for gravity anomaly larger than 10 μGal 462 

(Furre et al., 2017). Borehole gravimeters are also relative instruments, and recent gravity borehole 463 

surveys have reached an accuracy of 2.6 μGal and a repeatability of 5.4 μGal (Bonneville et al., 464 

2021). A complete discussion of various sources of uncertainties and noise in gravity 465 

measurements—beyond the scope of this paper—is presented in Van Camp et al. (2017). This 466 

range of detectability was used in the approach presented below to assess the detectability of 467 

secondary CO2 plume. 468 

 469 

 470 
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4.2 Surface gravity 471 

Surface gravity sensitivity was investigated with a conceptual model that assumes CO2 moves out 472 

from the storage reservoir, accumulates in a secondary trap above the storage horizon, and forms 473 

a cylinder-shaped plume. Realistic subsurface conditions, close to those encountered at the 474 

Kimberlina site, were used to calculate CO2 density. A hydrostatic pore pressure gradient of 10.5 475 

kPa/m, a geothermal temperature gradient of 26.8°C/km, a surface temperature of 21.8°C, and a 476 

porosity of 34% were used. The cylinder height was assumed to be 30 m, the radius varied from 477 

500 to 3000 m, and CO2 saturations ranged from 5% to 60%. The gravity effect of each vertical 478 

cylinder considered was determined using the analytical solution given by Telford (1976). 479 

CO2 plume size (cylinder radius) required to produce a signal of -4 µGal is plotted as a function 480 

of depth and CO2 saturation (Figure 11a) and CO2 mass (Figure 12a). Figures 11b and 12b show 481 

these relationships for the signal of -10 µGal. Note that an inflection of all curves around 800 m 482 

corresponds to a significant change in CO2 density linked to the transition to a supercritical state. 483 

Also, the curves tend toward an asymptote, making it more challenging to determine the correct 484 

CO2 mass at great depths.  485 

These figures can be used to quickly determine the conditions (i.e., depth, mass, extent, CO2 486 

saturation) under which a secondary plume can be detected by a surface gravity survey for a given 487 

signal level at a site with characteristics similar to those described above. The results clearly show 488 

that the extent (radius) of the plume controls the depth at which this plume would be detectable 489 

for a given CO2 mass and a given signal threshold. Increasing the plume radius or CO2 saturation 490 

increases the depth of a detectable plume, i.e., the signal response reaches a defined threshold. The 491 

CO2 mass increases with plume size and depth. For example, in Figure 11a, a plume of 500-m 492 
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radius and 20% CO2 saturation would be detectable at a depth of 750 m, while for a 1000-m radius 493 

and the same CO2 saturation, the depth would be 1000 m. In Figure 12a, for a detection threshold 494 

of -4 µGal, a 10,000-tonne CO2 secondary plume with a radius of 500 m can be detected at a depth 495 

of 300 m, but the plume mass would need to be about 1,000,000 tonnes to be detected at a depth 496 

of 1200 m. If this threshold is set at -10 µGal (Figures 11b and 12b), the 10,000-tonne and 497 

1,000,000-tonne CO2 plumes would only be detected at shallower depths, 200 and 900 m, 498 

respectively. 499 

 500 

  (a)           (b) 502 

Figure 11. CO2 plume size (cylinder radius) as a function of CO2 saturation and depth to produce 503 

a signal of (a) -4 µGal and (b) -10 µGal. The radii of 250, 500, 1000, 2000, and 3000 m are shown 504 

as solid, dashed, dot-dashed, double dot-dashed, and dotted lines, respectively. The deeper the 505 

plume, the larger the size or CO2 saturation required to produce the same signal measured on the 506 

surface. 507 

 508 
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  (a)           (b) 510 

Figure 12. CO2 plume size (cylinder radius) as a function of CO2 mass and depth to produce a 511 

signal of (a) -4 µGal and (b) -10 µGal. The radii of 250, 500, 1000, 2000, and 3000 m are shown 512 

as solid, dashed, dot-dashed, double dot-dashed, and dotted lines, respectively. The CO2 mass 513 

increases with plume size and depth. The curves asymptote and make it difficult to determine the 514 

correct CO2 mass at great depths.  515 

 516 

Figures 13a and 13b show the plume radius as a function of depth for variable CO2 saturations for 517 

the signal levels of -4 µGal and -10 µGal, respectively. These figures clearly illustrate the 518 

relationship between CO2 saturation and the plume depth and size: The higher the saturation, the 519 

greater the depths of detection for a given radius of the CO2 secondary plume or smaller size.  520 
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  (a)           (b) 522 

Figure 13. CO2 plume radius as functions of depth for a variable CO2 saturation (shown in color) 523 

for signal levels of (a) -4 µGal and (b) -10 µGal. The higher the saturation and the larger the 524 

plume size, the greater the depth of detection. 525 

 526 

The expected gravity responses described here were compared with the performance of the seismic 527 

and EM methods applied to the Kimberlina-2 models (Sections 2.2 and 3.2). The gravity signal 528 

expected at a given depth (e.g., 1500 m) for cylinders of increasing radius and CO2 saturation was 529 

computed for this comparison. Multiple cylinders can be used for more complex CO2 530 

accumulations, such as those developed in the Olcese Formation. In this example, these plumes 531 

were modeled using two cylinders and their respective properties (i.e., depth, porosity, CO2 532 

saturation, thickness, lateral extent). The corresponding gravity signals for each time step 533 

considered (t1, t1+5, t1+10, t1+15 years, and t1+40 years) were calculated and are plotted in Figure 534 

14. This figure shows that the CO2 accumulation in the Olcese Formation is detectable at t1+10 535 

years with a detection threshold of -4 µGal and at t1+40 years with a detection threshold of -10 536 

µGal. Depending on the noise level, or the detection threshold, CO2 accumulation at a depth of 537 
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1500 m in the Kimberlina-2 model (Figures 4a, 5a, and 10) would be detectable by surface gravity 538 

at the same time as the EM technique. This is consistent with results presented in Appriou et al. 539 

(2020), where a forward modeling approach was applied on the Kimberlina-2 model. 540 

These models could be adapted to any desired threshold and site-specific parameters to provide 541 

the conditions at which a secondary CO2 plume would be detectable with surface gravity 542 

measurements. 543 

 544 

Figure 14. Evolution of the gravity response for a CO2 accumulation occurring at a depth of 1500 546 

m, with increasing radius and variable CO2 saturation. Two dashed red lines represent the detection 547 

thresholds of -4 µGal and -10 µGal. Black diamonds at t1, t1+5, t1+10, t1+15, and t1+40 years 548 

correspond to the simplified two-cylinder model used to approximate the secondary plumes shown 549 

in Figure 10a (t1 is the time of the seismic survey shown in Figure 5). 550 

 551 

 552 
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4.3 Borehole gravity 553 

Gasperikova and Hoversten (2008) show that a 1% change in density of a CO2 wedge of a 250-m 554 

radius and 20% CO2 saturation, within a 100-m-thick sand layer of 20% porosity at a depth of 555 

1000 m, produces a -10 µGal response at the edge of the plume and decreases to -2.5 µGal at 200 556 

m from the edge. In the present study, the range of models was expanded and the feasibility of 557 

borehole gravity monitoring was investigated using a simple prism model (Figure 15). The CO2 558 

plume was represented by a prism of constant 20-m thickness with varying depth and horizontal 559 

dimensions and the same initial conditions as those used for the surface measurements. Scenarios 560 

included CO2 mass from 10,000 to 500,000 tonnes, bulk density changes from 1% to 5%, and 561 

prism depths from 100 to 3000 m. The volume of the prism—accommodated by changes in 562 

horizontal dimensions—depends on the CO2 mass and the CO2 density at the prism depth. 563 

 564 

Figure 15. A conceptual model for borehole gravity calculations. The 3D prism with ∆d density 566 

contrast represents the CO2 plume, for which depth and horizontal dimensions can vary; plus 567 

symbols indicate measurement locations. 568 
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 569 

For each value of the CO2 mass, bulk density, and depth of the prism, the gravity anomalies at 570 

each node of a 3D grid were computed using Dubey and Tiwari’s (2016) algorithm. Then, the 571 

maximum distance from the edge of the prism at which one of the gravity components (horizontal 572 

or vertical) reached a given signal response (-5 and -10 µGal) was determined. Figures 16 and 17 573 

plot the maximum distance at which a CO2 plume triggers a gravity response in the vertical (gz) 574 

component as a function of the prism depth for different density changes, masses, and for -5 575 

and -10 µGal responses, respectively. The distances using the horizontal component (not shown) 576 

are slightly smaller. To detect deep CO2 plumes, the borehole measurements would have to be 577 

taken within 20 to 700 m of the edge of the CO2 plume, depending on the CO2 mass (volume) and 578 

the density change. At shallow depths, the detection of plumes becomes easier because of the 579 

significant change in the CO2 density occurring at ~800 m and can reach up to 3000 m away for 580 

the largest CO2 plume considered here (500,000 tonnes). 581 

The mass of the CO2 plume and the bulk density change caused by the plume are fundamental for 582 

its detection. As shown in Figure 16, for a gravity response of -5 µGal and a CO2 plume bulk 583 

density change from 1% to 5%, the detection distance will range from 40-70 m to about 400-700 584 

m for a CO2 mass of 10,000 and 500,000 tonnes, respectively.  585 

 586 
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   (a)          (b) 588 

Figure 16. Maximum distance of detection vs. depth of a -5 µGal change in the vertical gravity 589 

component gz for (a) 10,000 tonnes and (b) 500,000 tonnes. CO2 mass and bulk density changes 590 

varying from 1% to 5% are shown in color.  591 

 592 

   (a)          (b) 594 

Figure 17. Maximum distance of detection vs. depth of a -10 µGal change in the vertical gravity 595 

component gz for (a) 10,000 tonnes and (b) 100,000 tonnes. CO2 mass and bulk density changes 596 

varying from 1% to 5% are shown in color.  597 
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 598 

5. Evaluation of monitoring in the post-injection phase  599 

Figure 18 shows factors that influence the final monitoring design: (1) required accuracy and 600 

resolution, (2) detection thresholds, (3) sensitivities of considered technologies, (4) required spatial 601 

and temporal sampling, (5) costs, (6) risk profile or risk uncertainty at a site, and (7) value of 602 

information (the cost of additional information a decision-maker would be willing to pay before 603 

making a decision). If a monitoring configuration needs to fulfill multiple objectives, it has 604 

inherent trade-offs (e.g., less resolution for one objective vs. unnecessary resolution and associated 605 

high cost for another objective). This trade-off may result in the unsatisfactory performance of 606 

such a design. In this study, we work with the idea of an adaptive monitoring framework, in which 607 

reservoir monitoring and post-injection monitoring for secondary CO2 plumes would be designed 608 

separately for their respective objectives. Reservoir monitoring using seismic methods in the post-609 

injection phase is still a subject of active research (e.g., Lumley, 2021). We focus on two 610 

components of this puzzle: the sensitivities and detection thresholds of seismic, EM, and gravity 611 

methods that could play an important role in post-injection monitoring for secondary CO2 plumes. 612 

This study also addresses one of the recommendations from the IEA Greenhouse Gas R&D 613 

Programme (IEAGHG, 2020) to establish thresholds and forward modeling approaches to design 614 

monitoring configurations.  615 
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Figure 18. Factors influencing a monitoring design at a GCS site. 617 

 618 

Identification of areas where post-injection monitoring costs would be less than possible mitigation 619 

costs from an unwanted event or public assurance would be carried out as part of a site risk 620 

assessment (e.g., Pawar et al., 2015; Yang et al., 2018b). This would likely require one or multiple 621 

monitoring wells close to or in the region with a higher risk. These wells could be considered in 622 

the monitoring arrays for source or sensor deployments for geophysical monitoring. It is essential 623 

that their locations and specifications are optimized prior to drilling because of the high cost 624 

associated with drilling and instrumenting boreholes.  625 

Costs of monitoring technologies have not significantly changed over the last two decades, and 626 

costs associated with EM and gravity surveys are typically a fraction of those of 4D seismic 627 

surveys, but seismic provides much better resolution than the other two techniques (e.g., Benson 628 

et al., 2004; IEAGHG, 2020). Figure 6 illustrates that the capability to detect small plumes 629 
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decreases with sparser seismic arrays. On the other hand, if the dense arrays used for reservoir 630 

monitoring are considered, frequent seismic surveys might be non-economical in the post-injection 631 

phase.  632 

Figures 5, 10, and 14 illustrate how complementary techniques could be used in a cost-effective 633 

monitoring design. The Kimberlina-2 model demonstrates a realistic scenario. While CO2 may 634 

migrate out of the reservoir, it accumulates in the formation within a storage complex and as such 635 

would not trigger any need for immediate action. The seismic method is sensitive to smaller 636 

volumes and low CO2 saturation (Figure 5) and would detect the plume first, but the seismic survey 637 

might not be necessary at that stage. The EM and gravity signals are small (yellow curve in Figure 638 

10c; t1 in Figure 14); thus, EM and gravity methods would not be effective at this stage. However, 639 

as the plume grows, the signal rises above the detection threshold, and EM and gravity methods 640 

could be used for monitoring. EM and gravity techniques are also sensitive to higher CO2 641 

saturation changes at which the seismic technique reaches an asymptotic response (e.g., Kim et al., 642 

2010; Gasperikova and Li, 2021). Having this independent information would be important if there 643 

is a need for accurate accounting of CO2 in the storage complex. It is also important to note that if 644 

the same size CO2 plume was present at shallower depths, the measured EM and gravity signals 645 

would be larger (above the detection threshold), and both monitoring methods could be used 646 

sooner than in this case.  647 

While site-specific conditions would govern how fast the plume could grow, note that it takes 15 648 

years for the plume to double in size. During the next 25 years, the plume grows by ~500 m 649 

laterally, CO2 accumulates at the formation top, and the volume expands only by ~10%. In such a 650 

scenario, frequent monitoring campaigns are not necessary. Time-lapse EM and gravity surveys 651 

could be carried out at adaptive intervals driven by site-specific conditions. After a couple of 652 
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surveys confirming that the secondary CO2 plume is stable, the interval to the next survey would 653 

be increased. However, any signal responses beyond the expected change that would be observed 654 

in the time-lapse EM and/or gravity surveys would trigger a need for a seismic survey.  655 

Borehole gravity measurements could detect the presence of deep secondary CO2 plumes if 656 

monitoring wells were relatively close to the plume. This could only be achieved with optimized 657 

well locations, limiting the use of the method for early detection in the post-injection phase. 658 

The requirements for arrays to detect a plume are less stringent than those necessary for the plume 659 

characterization. These translate directly to survey costs. A cost-effective monitoring framework 660 

for the post-injection phase would likely consist of both configurations.  661 

4D seismic monitoring will likely be part of the monitoring strategy in the injection phase of any 662 

large-scale projects to track the development of the CO2 plume in the subsurface for conformance 663 

and containment purposes. It may be deployed one last time at the end of the injection phase or at 664 

the beginning of the post-injection phase, along with EM and gravity surveys, to provide a baseline 665 

for the post-injection monitoring. A cost-effective monitoring strategy in the post-injection phase 666 

would use lower cost techniques like EM or gravity to monitor large areas. If an anomaly is 667 

detected, a seismic survey could be executed over a much smaller area surrounding this anomaly 668 

to further control post-injection monitoring costs. EM or gravity methods will be an integral part 669 

of the post-injection monitoring even when new, lower cost approaches to long-term seismic 670 

monitoring become a part of a standard monitoring toolbox. 671 

 672 

 673 

 674 
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6. Conclusions  675 

This study focuses on assessing detection limits and sensitivities of three primary geophysical 676 

monitoring methods (seismic, EM, and gravity) for cost-effective detection of secondary CO2 677 

plumes that might be formed by CO2 migrating from a storage formation into zones above the 678 

primary reservoir seal in the post-injection phase.  679 

Time-lapse seismic surveys with advanced seismic imaging can locate CO2 plumes from shallow 680 

to deep regions of the GCS site. The detectability of these CO2 plumes strongly depends on the 681 

seismic data acquisition geometry and the noise levels in the data. Sparser receivers/shots or 682 

shorter offsets lower the survey costs but decrease the seismic image quality.  683 

EM techniques are sensitive to changes in fluid properties. Deep CO2 plumes are not detectable by 684 

surface measurements, but borehole-to-surface configurations offer increased sensitivity to these 685 

plumes. The gravity method is the only geophysical method that can provide a direct estimate of 686 

CO2 mass distribution at depth. The gravity surveys will reveal CO2 accumulations occurring in 687 

the deep subsurface if the mass of CO2 migrating out of the targeted formation is significant. EM 688 

and gravity methods have a lower spatial resolution but provide additional information about the 689 

subsurface that complements seismic monitoring.  690 

For all methods, the current state-of-the-art is likely to be improved over time. As greater volumes 691 

of CO2 are injected at large-scale GCS projects, the costs of monitoring technologies per tonne 692 

will also decrease. The advancements in seismic and EM techniques presented here can also 693 

benefit reservoir monitoring. Future studies should evaluate how to optimally use permeant source 694 

and receiver arrays to acquire time-lapse seismic data to increase data repeatability and how to use 695 

sparse seismic data for the accurate location of CO2 plumes. Many simulated gravity responses are 696 
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not measurable with current instruments but may play an important role in testing or evaluating 697 

new technologies on the horizon.  698 

Early detection of any CO2 accumulations migrating out of the targeted reservoir in the post-699 

injection period is important. Such accumulations, even those significant in terms of CO2 mass 700 

and therefore detectable, would not necessarily pose a risk for the GCS site, as they would remain 701 

in the storage complex and deep enough not to jeopardize the protected groundwater. 702 

The seismic method remains a key method to detect CO2 accumulations for the foreseeable future. 703 

However, the current 4D seismic monitoring may be cost-prohibitive and not relevant for a routine 704 

deployment in the post-injection phase. Even when lower cost seismic monitoring alternatives for 705 

reservoir monitoring are developed, EM or gravity will play an important role in the post-injection 706 

monitoring in the deep subsurface. Should a large accumulation be detected with one of these 707 

methods, there would be enough time to adapt the monitoring strategy to quantify the significance 708 

of these accumulations before mitigation measures are needed, and seismic monitoring would then 709 

be critical. 710 
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FIGURE CAPTIONS 953 

 954 

Figure 1. Monitoring at a GCS site and objectives of this study. 955 

 956 

Figure 2. Size of 1,000 tonne accumulations as a function of depth below the surface for CO2 957 

saturation of (a) 5%, (b) 10%, and (c) 20%. The radii of the CO2 plume in 10-, 30-, and 958 

100-m-thick layers are shown in blue, magenta, and red, respectively. 959 

 960 

Figure 3. Differences between migrated sections for the initial conditions and 1,000 tonne CO2 961 

accumulations at depths of (a) 500 m, (b) 800 m, (c) 1000 m, and (d) 1300 m. A saturation of 20% 962 

and 30-m thickness of the cone-shaped accumulation is used for these calculations. The seismic 963 

response for the accumulation at depths of 500 and 800 m is detectable; however, the response of 964 

the accumulation at depths of 1000 and 1300 m is in the noise level of the survey. 965 

 966 

Figure 4. CO2 saturation cross-sections for a scenario with (a) a single secondary CO2 plume in 967 

Olcese Formation and (b) three secondary CO2 plumes present in the (1) Olcese, (2) Santa 968 

Margarita, and (3) Etchegoin formations. The secondary CO2 plume in Olcese Formation is within 969 

the storage complex. 970 

 971 

Figure 5. (a) Actual model P-wave velocity difference for a CO2 plume at 1500 m depth, and 972 

normalized P-wave velocity image difference using (b) noise-free data, (c) noisy data with 973 
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SNR=5, and (d) noisy data with SNR=2. The estimated location of the secondary plume in (b) 974 

and (c) agrees very well with the actual model (a); with significant noise in the data (d), the 975 

detection capabilities degrade.  976 

 977 

Figure 6. Image SNR versus √𝑁𝑁 for acquisition geometry with sparser receivers/shots (red dots) 978 

and shorter recording offsets (blue dots). The dashed black curve is for image SNR to √𝑁𝑁 = C, 979 

where C is a constant factor. 980 

 981 

Figure 7. (a) Pore fluid resistivity as a function of TDS and temperature shown in color; (b) rock 982 

bulk resistivity (ρb) as a function of CO2 saturation and porosity ( )φ  (shown in color). Pore fluid 983 

resistivity is 0.33 Ohm-m, a =1, m = 2, and n=2. Pore fluid resistivity decreases with increasing 984 

TDS or temperature. Rock bulk resistivity increases with CO2 saturation and decreases with 985 

porosity. 986 

 987 

Figure 8. Apparent resistivity changes as a function of target depth for surface resistivity 988 

techniques. The response due to CO2 presence decreases with an increasing target depth. 989 

 990 

Figure 9. (a) A model with CO2 plumes at three different depths: (1) 1500 m, (2) 1000 m, and 991 

(3) 300 m; receivers are shown as black circles, and transmitters are shown as black rectangles. 992 

The difference in electric field amplitude for (b) surface array and (c) borehole-to-surface array 993 

due to CO2 plumes shown in (a) and (b).  994 
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 995 

Figure 10. (a) The model with CO2 plume at 1500-m depth: receivers are shown as red circles, the 996 

transmitter is shown as a red rectangle; (b) changes in subsurface resistivity due to CO2 presence 997 

at t1+40 years; and (c) difference in electric field amplitude at t1, t1+5, t1+10, t1+15, and t1+40 998 

years using borehole-to-surface EM configuration (t1 is the time of the seismic survey shown in 999 

Figure 5). 1000 

 1001 

Figure 11. CO2 plume size (cylinder radius) as a function of CO2 saturation and depth to produce 1002 

a signal of (a) -4 µGal and (b) -10 µGal. The radii of 250, 500, 1000, 2000, and 3000 m are shown 1003 

as solid, dashed, dot-dashed, double dot-dashed, and dotted lines, respectively. The deeper the 1004 

plume, the larger the size or CO2 saturation required to produce the same signal measured on the 1005 

surface. 1006 

 1007 

Figure 12. CO2 plume size (cylinder radius) as a function of CO2 mass and depth to produce a 1008 

signal of (a) -4 µGal and (b) -10 µGal. The radii of 250, 500, 1000, 2000, and 3000 m are shown 1009 

as solid, dashed, dot-dashed, double dot-dashed, and dotted lines, respectively. The CO2 mass 1010 

increases with plume size and depth. The curves asymptote and make it difficult to determine the 1011 

correct CO2 mass at great depths.  1012 

 1013 
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Figure 13. CO2 plume radius as functions of depth for a variable CO2 saturation (shown in color) 1014 

for signal levels of (a) -4 µGal and (b) -10 µGal. The higher the saturation and the larger the 1015 

plume size, the greater the depth of detection. 1016 

 1017 

Figure 14. Evolution of the gravity response for a CO2 accumulation occurring at a depth of 1500 1018 

m, with increasing radius and variable CO2 saturation. Two dashed red lines represent the detection 1019 

thresholds of -4 µGal and -10 µGal. Black diamonds at t1, t1+5, t1+10, t1+15, and t1+40 years 1020 

correspond to the simplified two-cylinder model used to approximate the secondary plumes shown 1021 

in Figure 10a (t1 is the time of the seismic survey shown in Figure 5). 1022 

 1023 

Figure 15. A conceptual model for borehole gravity calculations. The 3D prism with ∆d density 1024 

contrast represents the CO2 plume, for which depth and horizontal dimensions can vary; plus 1025 

symbols indicate measurement locations. 1026 

 1027 

Figure 16. Maximum distance of detection vs. depth of a 5-µGal change in the vertical gravity 1028 

component gz for (a) 10,000 tonnes and (b) 100,000 tonnes CO2 mass and bulk density changes 1029 

varying from 1% to 5 % are shown in color.  1030 

 1031 

Figure 17. Maximum distance of detection vs. depth of a 10-µGal change in the vertical gravity 1032 

component gz for (a) 10,000 tonnes and (b) 100,000 tonnes CO2 mass and bulk density changes 1033 

varying from 1% to 5 % are shown in color.  1034 
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 1035 

Figure 18. Factors influencing a monitoring design at a GCS site. 1036 
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