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1.  Introduction
Faults and fractures are the main natural conduit for vertical fluid leakage from CO2 reservoirs (Hill,  1996; 
Pruess, 2008; Ringrose et al., 2013; Vasco et al., 2018; Zhang et al., 2009). During injection, increased reser-
voir pore pressures can lead to fault reactivation and leakage (Vilarrasa, 2016; Vilarrasa et al., 2019), causing 
increased permeability due to the opening of cracks and fractures, thus allowing CO2 to escape from the stor-
age interval (Rutqvist, 2012; Vilarrasa et al., 2011; Yeo et al., 1998). A common practice for detecting these 
reactivated faults is to monitor for micro-seismic events passively; detecting these events gives insight into the 
location and mechanics of fault failure (B. P. Goertz-Allmann et al., 2014; B. Goertz-Allmann et al., 2017; Chen 
& Huang, 2020; Oye et al., 2022). However, this method is limited when monitoring reactivated faults in ductile 
clay-rich sealing units, where faults may fail primarily aseismically (i.e., Guglielmi et al., 2021) or the magnitude 
of the seismic events are below instrument sensitivity. These scenarios suggest that additional methods may be 
required for monitoring fault reactivation in sealing intervals with high clay content.

During fault reactivation, changes occur in both the rock frame and the pore fluid state, which can affect the 
modulus of the rock, which in turn can measurably change seismic velocities, VP and VS (Mavko et al., 2020). 
The opening of cracks and fractures induces a decrease in the asperity contact area, increasing normal and shear 
fracture compliance (Fortin et al., 2007; Pyrak-Nolte & Morris, 2000; Wenning et al., 2021). Time-lapse seismic 

Abstract  We conducted a time-lapse seismic experiment utilizing automated active seismic source 
and sensor arrays to monitor a reactivated fault within the Opalinus clay formation at the Mont Terri Rock 
Laboratory (Switzerland), an analog caprock for geologic carbon storage. A series of six brine injections were 
conducted into the so-called Main Fault to reactivate it. Seismic instrumentation in five monitoring boreholes 
on either side of the fault was used to continuously probe changes in P-wave travel-times associated with fault 
displacement and leakage. We performed time-lapse travel-time tomography on five hundred sequential data 
sets; this revealed a zone of decreased P-wave velocity, up to 16 m/s, during each injection cycle, followed by a 
velocity increase during shut-in. These results demonstrate varying elastic property perturbations, both spatially 
and temporally, along the fault plane during reactivation. We then interpreted these velocity changes in terms of 
fault dilation induced by pressurized fluids along the fault.

Plain Language Summary  Faults within clay formation caprocks for CO2 storage reservoirs are 
possible pathways for leakage and loss of containment. Understanding how these faults in clay-rich rocks 
reactivate and leak fluids is important for predicting, detecting, and preventing CO2 movement. Passive seismic 
monitoring is challenging because of the lack of observable seismic events in such clay-rich fault rupture. In 
this study, we measure changes in P-wave velocity to monitor a fault reactivated by brine injections directly 
into the Main Fault at the Mont Terri Rock Laboratory, Switzerland. We use a recently developed time-lapse 
seismic  technique called Continuous Active-Source Seismic Monitoring (CASSM), which allows us to make 
these measurements within a few minutes and observe small changes on the same timescale. We relate the 
measured changes in P-wave velocity to the opening of that fault damage zone by using a rock physics model, 
which helps explain changes in permeability within the fault zone.
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approaches are increasingly important for monitoring subsurface changes, including variations in stress state 
(Herwanger et al., 2013) and fluid composition (Blazevic et al., 2020).

A time-lapse seismic approach was used by Rivet et al. (2016), who measured seismic velocity variations (ΔVP/
VP) from hammer shots up to 5% through a hydraulically stimulated fault in shale, which sheared aseismically. 
The velocity variations in their experiment were attributed to the pressurized pore fluids that forced fault perme-
ability to increase (Rivet et  al.,  2016). To monitor changes in fault state during our experiment, we adopt a 
recently developed time-lapse seismic method, referred to as Continuous Active-Source Seismic Monitoring or 
CASSM (Ajo-Franklin et al., 2011; Daley et al., 2007; Silver et al., 2007). The CASSM method utilizes arrays 
of automated, semi-permanent seismic sources and receivers, arranged in a cross-well geometry, to tomograph-
ically measure small perturbations in seismic properties. The combination of permanence of the source-receiver 
geometry and automation allows for precise travel-time and attenuation measurements. In addition, the CASSM 
method provides complete data sets within a few minutes allowing for high temporal resolution monitoring of the 
subsurface. The CASSM method uses piezoelectric sources with high repeatability with precision on the order 
of 0.1 microseconds (Silver et al., 2007). Such precision allows for detecting minute changes expected during the 
opening of fractures and microcracks along faults. CASSM has been used to monitor changes in stress that have 
been a result of earthquake activity along a fault zone (Niu et al., 2008), fluid injection (Marchesini et al., 2017), 
and barometric pressure (Silver et al., 2007). In addition, CASSM successfully tracked a CO2 plume in a saline 
aquifer (Daley et  al.,  2007,  2011) and induced fractures in a clay-rich formation (Ajo-Franklin et  al.,  2011). 
Alternatively, ambient noise tomography is a developing method that has successfully tracked changes in seismic 
velocity caused by earthquake activity along the San Andreas Fault (Brenguier et al., 2008).

This paper will show that using P-wave tomographic imaging, the CASSM method was able to detect the spatial 
and temporal evolution of a reactivated fault patch in a clay-rich caprock analog at the Mont Terri rock laboratory, 
Switzerland. We demonstrate rapid response of the patch to injection pressure variations. In addition, we show 
that the observed changes in VP can be explained by an increased fracture damage zone, with implications for 
longer-term fault healing and leakage.

2.  Experimental Setting at the Mont Terri Rock Laboratory
The Mont Terri rock laboratory is situated on the south limb of the Mont Terri anticline within the Opalinus Clay 
formation, a geologic carbon storage caprock analog (Bossart et al., 2018). The Main Fault of Mont Terri is an approx-
imately 3-m thick thrust fault, running through the Opalinus Clay and crossing the galleries of the Mont Terri rock 
laboratory (Jaeggi et al., 2018). To study fault processes, 23 boreholes penetrate or surround the fault for monitoring 
purposes (Figure 1a). The boreholes house permanently installed instruments including optical fibers for distributed 
acoustic (DAS), strain (DSS) and temperature (DTS) sensing (Hopp et al., 2022), pressure sensors, tiltmeters, fault 
displacement sensors, and passive acoustic/seismic sensors. In this paper, we primarily focus on the CASSM data.

The CASSM system is located in five boreholes on either side of the fault (Figure 1a). Three boreholes have 8 
piezoelectric seismic sources apiece (24 total); the other two have arrays of 22 hydrophones apiece (44 total). The 
receiver boreholes (BFS-B3 and BFS-B4) are in the footwall of the fault, while the source boreholes (BFS-B5, 
BFS-B6, and BFS-B7) are in the hanging-wall. Unfortunately, however, two sources stopped working before the 
injection experiment. Both the sources and receivers are fluid coupled. During automated CASSM acquisition, 
each source was shot and stacked 16 times to increase signal-to-noise ratio (SNR) before cycling to the next source. 
The seismic data were recorded at 48,000 samples/sec with a 100 ms record length for each shot. Spectral analysis 
shows that the central frequency of the recorded P-wave first arrival pulse is 1.4 kHz. An epoch, which includes all 
24 sources, took approximately 8 min to complete, defining the temporal resolution between complete data sets.

We use this CASSM system to monitor the hydro-mechanical reactivation of a portion of the Main Fault. The 
experiment occurred on 21 November 2020, when brine was injected directly into the upper 2.4 m of the fault 
zone at 476.2 m depth (BFS-B2 in Figure 1a). Throughout ∼8 hr, we injected six times at constant flow rates for 
10 min, except for the last injection, which was 20 min (Figure 1b). The injection interval was shut-in between 
injection periods. The flow rate values were selected from previous hydromechanical test results done in another 
area of the fault (Guglielmi et al., 2020). The idea was to keep flow rates low enough to avoid any influence of 
the flow rate on fault activation, but large enough to generate a seismically visible flow path development. The 
first two injections had lower flow rates, around 2 and 6 L/min, respectively, compared to the last four, around 
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Figure 1.  (a) 3D map showing key boreholes, CASSM sources and receivers, and the fault plane for images in Figure 2, 
Figures 4c–4d, and Figure S4 in Supporting Information S1. Borehole BFS-B1 through BFS-B7 are labeled as B1 through 
B7. The inset represents a cross-section drawing of the fault with relative position of the CASSM sources and receivers. (b) 
Injection pressures and flow rates during the six brine injections. (c) An example delay-time curve for a single source-receiver 
pair, with vertical lines representing the beginning of the six injections.

Figure 2.  Time-lapse travel-time tomography results for all six injection cycles as well as at three and six hours after the 
last injection. Each panel represents a slice through the 3D volume and parallel to the so-called Main Fault at the Mont Terri 
(orientation of the slice represented in 3D in Figure 1a). The solid black box represents CASSM's imaging extent. The dotted 
black area represents our interpretation of the damage zone along the fault. Key boreholes which intersect the fault are plotted 
on the images, including the injection borehole, BFS-B2 (magenta). The white star is ∼12 m easterly along fault strike from 
the injection borehole and represents the location of the second ΔVP curve (red) in Figure 3.
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10 L/min. When injection pressures reached between 5 and 6 MPa, the fault reactivated, which is in accordance 
with the local stress state (Guglielmi et al., 2020). During the third injection cycle, at which point ∼178 L had 
been injected, a hydraulic connection was created with boreholes intersecting the fault 15–18 m along strike from 
the injection point, including BFS-B1, BFS-1, and BFS-2 (Figure 1a). Interestingly, no hydraulic connection was 
observed at BCS-D7, which is at a similar distance from the injection borehole as BFS-B1. During the ∼8 hr 
injection sequence, the system recorded 64 epochs or CASSM cycles, where each cycle takes ∼8 min, including 
at least two epochs during each injection and shut-in period.

3.  3D Time-Lapse Travel-Time Tomography
In this study, our primary focus was on direct P-wave arrival analysis. Both tube-wave to P-wave and P-wave to 
tube-wave mode conversions are also observable in the source gathers (Figure S1a in Supporting Information S1). 
Unfortunately, no shear wave information was recovered due to the water coupling of the sources and receivers 
in the boreholes.

We compute 3D time-lapse travel-time tomography to image the changes in P-wave velocity (ΔVP) along the fault 
during the brine injections. Four main components were used to compute the tomography:

1.	 �Delay-time data (Δt) of the first arrivals for all source and receiver pairs were computed for all epochs 
between 6:00 a.m. to the end of the day, 21 November 2020 (i.e., Figure 1c). To compute the delay times, we 
followed the methodology of Silver et al. (2007) to get sub-sample delay times of the first arrivals (Shadoan 
et al., 2021). This includes converting source gathers (figure S1a in Supporting Information S1) to temporal 
gathers (figure S1b in Supporting Information S1) and creating a 30 ms window with 3 ms tapers around the 
first arrival. We then interpolate the waveform 10,000 times the sampling rate to get sub-sample delay times 
and cross-correlate all epochs to the legacy epoch, the last full epoch before the first injection. We apply this 
same workflow to the ten days leading up to the injections to show CASSM's background stability; for exam-
ple, source-receiver pair 5–35 has a delay time standard deviation of 0.73 microseconds (figure S2 in Support-
ing Information S1). For the time-lapse travel-time tomography, we removed 15% of the source-receiver pairs 
with the highest standard deviation, which correspond to pairs with long offsets and low SNR. Observations 
show that delay times during injections reached up to 16 μs (Figure 1c), which is greater than the 1 μs delay 
time background noise levels (figure S2 in Supporting Information S1).

2.	 �A 3D absolute-velocity (VP) background model was then generated from hand-picked first arrivals of the 
legacy epoch (figure S3 in Supporting Information S1). The average background VP within the fault zone is 
approximately 3,280 m/s. This model was used as the baseline for the time-lapse tomography calculations and 
to generate accurate ray path geometries.

3.	 �The accurate ray-path geometries were generated using an unstructured grid eikonal solver with reverse 
ray-tracing (TTCR, Giroux, 2021).

4.	 �Lastly, we exploit a spatially variable regularization term (P) to help constrain the ΔVP in our linear travel-time 
tomography to within the ∼3-m wide fault zone. This term is needed, due to the lack of ray-paths traveling 
parallel to the fault zone and is a prior assumption.

We invert for changes in P-wave slowness for every epoch such that
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and

𝛀𝛀(𝑥𝑥) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

0, if 𝑥𝑥 is inside fault

1, if 𝑥𝑥 is outside fault

0.5, if 𝑥𝑥 is in transition zone,

� (3)

Δs is the change in slowness, Δt are the differential delay times, G is the tomographic kernel, D is a first order 
difference operator, P is the spatially variable regularization term, λ1 and λ2 are the regularization parameters for 
D and P, respectively, and x is the physical location of the model cell; where each model cell is a cube of 0.5 m 
edges. Δs is then converted to ΔVP by comparing it to the background model. This computation was done for all 
epochs before, during, and after the injections.

4.  ΔVP Model of the Injection Cycles
Eight ΔVP images are shown in Figure 2, six of these correspond in time to the middle of each injection cycle, 
while the last two images represent three and six hours after the last injection. During the first injection, no 
clear ΔVP anomalies were detected, since values range between ±2 m/s, which is similar to the pre-stimulation 
range. During the second injection, there is an asymmetric 32.3 m 2 area of negative ΔVP (approximately −5 to 
−10 m/s) immediately around the injection borehole. The third injection ΔVP image shows a larger anomaly near 
the injection well with two smaller patches north-easterly along the fault for a total of three patches. ΔVP values 
within the anomaly range between −5 and −14 m/s. ΔVP images for injection cycles 4 through 6 appear to show 
the same three streaks, but with a greater negative ΔVP to −16 m/s, which is a 0.5% decrease in VP. After the 
last injection, such as three and six hours after the last injection (Figure 2), VP values begin to recover toward 
pre-injection values.

We ran a series of forward modeling checkerboard tests with different-sized checkerboards to investigate the three 
streaks observed in the ΔVP images (figures S4a and S4b in Supporting Information S1). The three streaks are 
also observed in the checkerboard tests (i.e., Inoue et al., 1990; Zelt & Barton, 1998). This suggests that these 
three streaks represent areas of high seismic coverage separated by areas of low seismic coverage along the fault 
zone, which is a product of the CASSM source and receiver geometry, rather than a geologic process. From 
these tests, we also observe the outer imaging limits (solid outline, Figure S4 in Supporting Information S1 and 
Figure 2). With this, we interpret the three streaks in the ΔVP images for the third through sixth injection cycles 
as a single patch that is 248.7 m 2, which is the dotted closure drawn in those images (Figure 2). Following this 
interpretation, we ran the forward model with the single patch case. The results show the three streaks, confirm-
ing that these features are not geologic.

Figure 3 shows ΔVP time series for two locations along the ΔVP images, the first is at the injection borehole 
(BFS-B2) and the second location is ∼12 m easterly along strike (i.e., magenta circle and white star, respectively, 
in Figure 2). Five significant negative ΔVP events at the injection borehole correspond to the last five injection 
cycles. Beginning at the second injection through the fourth injection cycle, P-wave velocity perturbations were 
increasingly negative before remaining constant through the fifth and sixth injections. At the second location, 
only the last four injection cycles were captured, but with a large negative ΔVP change compared to the change at 
the injection borehole. The maximum negative ΔVP values are approximately 8 and 16 m/s at the injection well 
and the second location, respectively. During the shut-in periods, ΔVP would partially recover back to background 
levels before the next injection cycle. After the last injection cycle, the curves appear to plateau to different ΔVP 
background levels at −2 and −5 m/s for the first and second locations, respectively.

5.  Fracture Damage Zone Modeling
The maximum P-wave velocity perturbations (ΔVP/VP) are approximately 0.5%, which is less than that of Rivet 
et al. (2016), who measured velocity perturbations of a similar fault reactivation experiment. We interpret nega-
tive ΔVP to represent the areas of the fault that have been reactivated. The changes in seismic velocity are due 
to variations in pore pressure during injection and the opening and shear of fractures within the fault zone. 
During the first injection, with no significant negative ΔVP anomalies, the small 21-L injection volume and the 
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relatively low injection pressure of 5.3 MPa (below the estimated fault reactivation pressure from Guglielmi 
et al., 2020) limited fault reactivation and leakage to near the injection borehole. This result corresponds with 
Guglielmi et al.  (2020), who suggested that 5.43 MPa of injection pressure is required to reactivate the fault 
hydro-mechanically. The P-wave velocity anomaly appears in the second cycle while injection pressure reaches 
5.8 MPa and injection volume reaches 76 L (Figure 1b). The asymmetric behavior of the negative ΔVP patches 
in the ΔVP images, coupled with the fact that hydraulic connection was established with BFS-B1 but not with 
BCS-D7, suggests that there is a preferred direction of fault reactivation and fault leakage, which is primarily in 
direction of fault strike or northeasterly. Many hours after the last injection cycle, ΔVP values remain elevated 
above background levels (Figure 3), suggesting permanent or long-term damage.

During each injection cycle, pore pressure is the dominant driver of velocity perturbations, but the residual 
velocity change indicates damage. CT scans of the Main Fault drill-core from the BFS-B1 well (EPFL, 2021) 
show planar voids (blue) that represent thin open cracks and worm burrows (yellow) in the intact rock core 
(Figure 4a). In the principal shear zone, these worm burrows appear granular compared to the thin pencil-like 
burrows observed elsewhere, suggesting they were pulverized by fault shear. We hypothesize that during the stim-
ulation, multiple of these fractures are opened within the 3-m fault zone. Therefore these fractures are the  primary 
pathway for fluid flow and fault leakage along the fault zone.

We model the opening of these fractures, by relating both ΔVP and effective stress to the cumulative aperture 
of all fractures across the 3-m fault zone (figure S5 in Supporting Information S1). We refer to this cumulative 
fracture aperture as the damage zone thickness. The effective stress is computed by subtracting the injection 
pressures from the estimated lithostatic pressures at the fault zone of 7.3 MPa from Guglielmi et  al.  (2020). 
Our damage zone thickness model is explained in detail in Supporting Information S1; we provide a conceptual 
explanation here. Our model assumes that, as the fractures are opened during injection, they are filled with a 
granular pack of the same material as the host matrix (schematic drawing in Figure  4b). Therefore, fracture 
compliance is controlled by this granular packing and the pore fluid inside the fracture. Using the Walton Smooth 
contact theory model (Walton, 1987), we computed the elastic properties of the granular material inside the 
fracture, where the bulk and shear modulus are a function of effective stress on the fracture. In our case, effective 
stress varies with time along the fault during each injection cycle. In our current model, we estimate the elastic 
properties of the host material by using the average VP from our background model (figure S4 in Supporting 
Information S1) as well as additional information from laboratory tests done on samples from the same fault 
zone (Wenning et al., 2021), such as an appropriate VP/VS ratio and density values. We then calculated the elastic 
properties of this material in the case where the pores are filled with the injection fluid using Gassmann's fluid 
substitution (Gassmann, 1951). We then calculate the normal and shear compliance of the fracture using the 

Figure 3.  ΔVP versus calendar time for two locations along the ΔVP images. The blue curve is located at the injection 
borehole and the red curve is located at the white star in Figure 2, which is ∼12 m easterly along strike. Vertical dotted lines 
represent the beginning of each injection cycle (i.e., same time as in Figures 1b and 1c).
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Backus (1962) average (Mavko et al., 2020). After the fracture compliance 
is estimated, the method of Coates and Schoenberg (1995) is used to calcu-
late the anisotropic elastic perturbation induced by the fault damage zone. 
Since our experiment has insufficient angular coverage to conduct aniso-
tropic tomography, the resulting group velocity curves are averaged over the 
sampled angular domain to estimate an isotropic velocity perturbation gener-
ated by the fracture.

Our approach generally predicts that damage zone thickness is propor-
tional to negative ΔVP values with an overprint of the effective stress state 
(figure S5 in Supporting Information S1). While not directly calculated in 
this paper, permeability would increase during periods of elevated damage 
zone thickness because increased fracture aperture would directly impact 
fluid movement within the fault zone. The predicted damage zone thickness 
variation values peak at 1 mm during the sixth injection cycle (Figure 4c). 
Conversely, the damage zone thickness variation values are near zero in 
areas outside of the fault reactivation zone, suggesting little to no fault 
dilation. After fault reactivation, such as six hours after the last injection 
cycle, damage zone thickness values are still elevated to around 0.4  mm 
(Figure  4d). Furthermore, from looking at damage zone thickness values 
versus calendar time, they appear to plateau at a new background level of 
around 0.1–0.3 mm depending on the location within the patch (Figure 4e). 
This suggests long-term fault damage, which has important implications for 
fault sealing, fluid loss, and longer-term healing processes during geologic 
carbon storage operations. We should note that these damage thickness esti-
mates should be viewed as cumulative and do not necessarily represent a 
single discrete zone of alteration; this distinction, while not affecting the 
change in volumetric compliance, might impact inferred permeability 
changes.

6.  Conclusion
We utilized the Continuous Active-Source Seismic Monitoring (CASSM) 
method to observe the seismic signature of hydro-mechanical fault reactiva-
tion during an experiment at the Mont Terri Rock Laboratory. CASSM data 
was collected continuously before, during, and after fluid injections to moni-
tor the spatio-temporal elastic property variations within the reactivated fault 
patch. We performed time-lapse travel-time tomography to quantify ΔVP 
evolution in space and time. Along the fault plane, we observed a negative 
ΔVP anomaly (up to −16 m/s), asymmetrically extending from the injection 
well, that grew in size primarily northeasterly along strike. This observation 
suggested a preferred direction of fault reactivation and patch growth. We 

utilized a rock-physics model based on contact theory to interpret the ΔVP in terms of stress state and damage 
zone thickness. During injection, we estimate that the damage zone along the fault reaches a cumulative ∼1 mm 
thickness, suggesting increased permeability. After shut-in, damage zone thickness values partially recover, with 
the residual aperture suggesting long-term damage along the fault. This study suggests the existence of a seismic 
signature for residual permeability after reactivation, a promising target for future monitoring approaches.

Data Availability Statement
Data, including the CASSM source and receiver geometry, first arrival picks, P-wave arrival delay times for all 
source-receiver pairs, injection flow rate/pressure, and the time-lapse travel-time tomography matrices, can be 
found in the following OSF repository: https://osf.io/d6b2a (Shadoan, 2023).

Figure 4.  (a) A CT scan of a core from BFS-B1 of the Main fault at the Mont 
Terri rock laboratory, where blue represent thin cracks and yellows represent 
worm burrows (EPFL, 2021). The granular texture of the burrows between 
the cracks represent pulverized grains due to fault shear. (b) A schematic 
drawing of our fracture damage zone model. Panels (c) and (d) are damage 
zone thickness images during the sixth injection cycle and then six hours 
after, respectively. (e) Damage zone thickness curves for the same locations 
explained in Figure 3.
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