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Abstract

We summarize recent modeling studies of injection-induced fault reactivation, seismicity, and its potential impact on surface
structures and nuisance to the local human population. We used coupled multiphase fluid flow and geomechanical numerical
modeling, dynamic wave propagation modeling, seismology theories, and empirical vibration criteria from mining and
construction industries. We first simulated injection-induced fault reactivation, including dynamic fault slip, seismic source, wave
propagation, and ground vibrations. From co-seismic average shear displacement and rupture area, we determined the moment
magnitude to about M,, = 3 for an injection-induced fault reactivation at a depth of about 1000 m. We then analyzed the ground
vibration results in terms of peak ground acceleration (PGA), peak ground velocity (PGV), and frequency content, with
comparison to the U.S. Bureau of Mines’ vibration criteria for cosmetic damage to buildings, as well as human-perception
vibration limits. For the considered synthetic M,, = 3 event, our analysis showed that the short duration, high frequency ground
motion may not cause any significant damage to surface structures, and would not cause, in this particular case, upward CO,
leakage, but would certainly be felt by the local population.
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1. Introduction

The potential of injection-induced fault reactivation associated geologic carbon sequestration, an issue long
recognized in the research community [1, 2, 3], has now received increased attention among CO, sequestration
stakeholders and media as an issue of concern, especially after two recent high-profile publications [4, 5]. Concerns
are related to the potential for triggering notable (felt) seismic events and how such events could impact the long-term
integrity of a Geologic CO, repository [4, 5, 6]. For example, Zoback and Gorelick [5] concluded that there is a high
probability that earthquakes would be triggered by injection of large volumes of CO, into the brittle rocks commonly
found in continental interiors, and because even small- to moderate-sized earthquakes threaten the seal integrity of
CO, repositories, large-scale carbon capture and storage would be a risky and likely unsuccessful strategy for
significantly reducing greenhouse gas emissions to the atmosphere.

In this paper we summarize recent dynamic model simulations of injection-induced fault reactivation, seismicity
and its potential impact on surface structures and nuisance to the local human population [7]. It is an integrated
analysis from cause to consequence, including the whole chain of processes, from earthquake inception in the
subsurface, wave propagation towards the ground surface, and to assess the consequences of ground vibration (Fig.
1). We used coupled multiphase fluid flow and geomechanical numerical modeling, dynamic wave propagation
modeling, seismology theories, and empirical vibration criteria from mining and construction industries to present a
more quantitative view on induced seismicity associated with geologic carbon sequestration.
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Fig. 1. Schematic of injection-induced fault reactivation, wave propagation, and ground motions, and potential impact on surface structures and
human perception [7]..
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2. Modeling approach and setup

The simulations summarized in this paper were conducted with the coupled thermo-hydro-mechanical code TOUGH-
FLAC [8], which has previously been applied to model fluid-induced fault reactivation, in both generic and site
specific studies [9 — 19]. The TOUGH-FLAC code is based on linking the TOUGH?2 finite-volume simulator for
multiphase fluid flow [20], and the FLAC® finite-difference code geomechanics and dynamic wave propagation
[21]. The approach adopted here involves coupled fluid flow and geomechanical numerical modeling to simulate CO,
injection and fault rupture. Then, seismological theories are used to calculate the seismic source parameters. A strain-
softening fault constitutive model enables modeling of sudden, dynamic fault rupture, and provides a source for
wave-propagation and ground-motion calculations [13]. The wave-propagation was calculated using the FLAC™®
dynamic analysis option based on an explicit finite difference scheme to solve the full equations of motion in a fully
nonlinear analysis (see [21] for details).

The model problem involves a reservoir bounding fault with a dip angle of 80°, width of 2.5 m, and tectonic
shear displacement offset (throw) of 125 m (Fig. 2). The models simulations were conducted in a vertical cross
section normal to the strike of the fault represented in a 2D plane-strain model (2 km x 2 km). The storage formation
is 100 m thick and bounded at the top and bottom by low-permeability 150 m thick formations, which, in turn, is
surrounded by two other permeable formations. Similar model geometry has been applied in several of the
aforementioned studies of different aspects of injection-induced fault activation.

Initial conditions for the model simulations were derived assuming (1) hydrostatic fluid pressure with the ground
water table adjacent to the ground surface, (2) a temperature assuming a depth gradient of 25°C/km with a ground-
surface temperature of 10°C, and (3) a vertical stress from the weight of the overburden rock for a bulk density of
density p = 2260 kg/m®, with the initial minimum horizontal stress being scaled by a factor 0.7 of the vertical stress,
i.e. o, = 0.70,. The minimum horizontal stress is assumed to be oriented normal to the strike of the fault plane,
whereas the maximum horizontal stress is assumed to be oriented parallel to the strike of the fault plane. With these
parameters, the initial fluid pressure and temperature at the depth of the CO, injection zone (1000 m) is about 10
MPa and 35°C, respectively, whereas the vertical stress is 22.2 MPa and minimum horizontal stress is 15.5 MPa.
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Fig. 2. Model geometry and boundary conditions and ground-motion recording stations (blue and red triangles) [7].
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In the model simulations, CO, was injected as a point source within the storage formation, with a constant rate of
0.02 kg/m/s (i.e. 630.72 tons/m/year). The simulations were conducted to intentionally induce fault reactivation,
which occurred at a high reservoir pressure in a stress regime that favors reactivation of the steeply dipping fault. To
reactivate the fault, we had to increase the injection pressure to exceed the initial minimum principal stress (about 7
MPa overpressure).

Properties for the permeable formations and the bounding low-permeable layers represent sandstone and shale,
respectively. The fault is modeled using an elasto-plastic anisotropic Mohr-Coulomb model, a built-in FLAC®
constitutive model [21]. The strain-softening fault geomechanical behavior was achieved by a reduction of the
coefficient of friction during co-seismic shear slip from a peak static value, g = 0.6, to a dynamic value, z; = 0.2,
over a critical plastic strain of 107 [13]. Other properties are defined in [7] and include Young’s modulus of 10 GPa
for all formations, except for the fault zone, which has a Young’s modulus of 5 GPa. The permeability of the
injection zone, caprock, and fault is respectively 107, 107", and 10"® m?. The values taken for the input parameters
of the fault are discussed and justified in Rutqvist et al. [7], though we recognize that these are uncertain, and we
consider the selected parameters in this analysis as one set of possible parameters designed for generating a
reasonable injection-induced seismic event for our study.

3. Fault reactivation and wave propagation

Fig. 3 presents a set of results related to the reactivation of the fault. For the assumed system and injection rate,
the simulation showed that after about 40 days of injection, a dynamic fault rupture nucleates at the base of the CO,
reservoir. At the initiation of the fault rupture, the fluid pressure had increased by about 7.5 MPa, i.e., achieving a
total fluid pressure of 17.5 MPa, a few MPa higher than the local initial minimum principal stress at 1000 m depth.
Moreover, as shown in Fig. 3b, the increasing reservoir pressure cause a simultaneous increase in shear stress and
reduction of effective normal stress, until the stress state reach the p-c failure surface (quasi-static model phase in
Fig. 3b). After the stress-state reaches the o failure surface, the fault reactivates with a sudden shear stress drop of
about 1.4 MPa, as the friction drops to residual value and the shear stress equilibrates with the residual shear strength
(dynamic phase in Fig. 3b). The fault reactivation induces localized plastic shear strain distributed over a length of
about 290 m, with a maximum shear strain in a portion of the fault just below the reservoir (red zone in Fig. 3a).
Based on the calculated co-seismic fault rupture length and average shear-slip displacement (290 m and 0.03 m), we
quantified the overall size of the seismic event using seismology relationships by Hanks and Kanamori [22], and
Kanamori and Anderson [23]. A seismic moment, M, = 3.48x10"* Nm and a moment magnitude in the range of M,, ~
2.5 to 3 were calculated [7].

The simulated sudden fault rupture generated seismic waves that propagated and hit the ground surface at the
speed corresponding to the P and S wave velocities for the medium of respectively Cp = 2360 m/s and Cs =1402 m/s.
In the simulation wave attenuates by geometric spreading, pore fluid interaction, scattering, and by a substantial
dissipation associated with plastic flow in the fault. The model simulation of ground motion was verified using the
simulated ground-motion wave train in an inverse analysis to estimate source parameters (moment magnitude,
rupture dimensions and stress drop), achieving good agreement and thereby verifying the modeling of the chain of
processes from earthquake inception to ground vibration [7].

4. Ground motion accelerations and velocities

Fig. 4 and 5 present acceleration and velocity footprints recorded at 14 assumed stations along the ground surface
(red and blue triangles in Fig. 1), for a complete picture of the ground motion and how it is distributed. Fig. 4 shows
that the highest values of acceleration are along the horizontal component and are concentrated around the fault (Fig.
4a at x ~ 675 m), whereas the acceleration values quickly attenuate away from the fault. In general the results in Fig.
4 show a peak ground acceleration (PGA) less than 0.1 g, except for the horizontal component near the fault, where
the PGA is 0.6 g. Fig. 5 shows that the highest velocities are also associated with horizontal ground motion around
the fault, with a maximum peak ground velocity (PGV) of about 30 mm/s (Fig. 5a at x = 675 m). As with PGA, the
PGV magnitude also decreases for stations away from the fault being in the range of 2 to 10 mm/s, with the lowest
values at the most distant stations.
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Fig. 6 shows a close up of the ground motion response where the fault intersects the ground surface and the
highest values of PGA and PGV where obtained. In this figure we also included modeling results with and without a
softer soil layer near the ground surface to investigate potential damping or amplification of such a superficial layer.
In this layer we assumed a modulus half of that of the bedrock, with a thickness of 50 and 100 m. Fig. 6a shows that
the high frequency accelerations are substantially damped in the case of a 50 or 100 m thick superficial soil layer
(compare red and blue curves, in Fig. 6a). Still high acceleration continues for several seconds. Fig 6b shows that the
maximum PGV is associated with one main jolt having a period of about 0.1 to 0.2 seconds, i.e., a frequency of about
5 to 10 Hz. This main jolt is followed by smaller velocity peaks at somewhat higher frequencies. The soil layers have
little effect on the main velocity jolt, with some slight amplification in the case of thicker soil, whereas the
subsequent higher frequency velocity peaks are substantially damped in the case of thicker soil. As discussed in
Rutqvist et al., [7], the ground motion results obtained in this simulation are reasonable and consistent with field
observations of shallow seismicity. This includes the PGA and PGV values and frequencies, which are consistent
with field monitoring for same depth range and magnitude [24-26], as well as the phenomenon of high acceleration
around faults [27, 28], which in this case is also affected by directivity effects. i.e., focusing or piling up of wave
energy in the direction of rupture [7].
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Fig. 3. Simulations results after [13]: (a) Plastic shear strain in the ruptured area and slip profile at the time of seismic rupture (white dots are
control points), (b) shear stress-versus-effective normal stress path in the nucleation zone (control point 5 in (a)) of the rupture within the fault (the
slow quasi-static phase is in blue and the dynamic phase is in red), (c) slip as function of time at different control points along the fault (white dots

in (a)).
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Fig. 6. Close-up view of simulated horizontal (a) acceleration and (b) velocity component at x = 676 m (on top of fault) with and without a softer
top soil layer (red = no soil layer, green = 50 m thick soil layer, and blue = 100 m thick soil layer) [7].

5. Assessment of potential building damage and human perception

Following suggestions by Majer et al. [29], in their best-practice protocol for induced seismicity associated with
Enhanced Geothermal System (EGS) activities, we considered damage criteria developed for blasting and
construction activities. The seismic energy, frequency bandwidth, and range of events generated from these activities
are similar to that from shallow injection-induced seismic events. Thresholds for human disturbance and for damage
on vulnerable houses are defined in terms of PGV and are almost universally used by the construction and mining
industry to assess the potential for threshold cracking due to blasting, and are also employed in many commercially
available vibration-monitoring systems [30]. For building damage criteria associated with blasting and mining
activities, the "Z-curve or Siskind curve" is the information most often cited. It was published by Siskind et al. [31]
as a result of an extensive study conducted in the late 1970s using data from numerous blasts, gathered from
monitoring for different types of structures.

Fig. 7 shows the comparison of the PGV and frequency values recorded on the ground surface and the Siskind
curve for building damage together with curves for human perception. Curves for building damage in Fig. 7 shows
the limits in peak particle velocity (PPV) in inch per second (ips), recommended by the U.S. Bureau of Mines
(USBM) to preclude cosmetic damage to plaster and drywall, i.e., the most fragile building materials. As the
frequency of the ground motion changes from low to high (1 to 40 Hz) the structure responds less and the limits
increase. The limits human perceptions are those specified, as proposed guidelines in the U.S. Army Engineering
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Manual EM 1110-2-3800 [32], though originate from studies of human exposure to steady-state sinusoidal vibrations,
i.e., not short-duration events.

In Fig. 7 we show an overlay a frequency spectrum processed from velocity record shown in Fig. 6b [7]. We see
that the simulated velocity of around 25 mm/s over a frequency of 6 to 15 Hz (green line in Fig. 7) is just above the
blue Siskind curve and could therefore potentially cause cosmetic damage (e.g., hairline fracture in drywall or
plaster). Moreover, the simulated velocity is above the red line for unpleasant steady-state vibration, which implies
that this short duration event would be clearly perceptible by humans.

In Fig. 7 we also inserted single peak velocity and frequency values at different stations along the ground surface.
For locations within a few hundred meters from the fault, the peak velocity is around 20 to 30 mm/s at a frequency of
about 10 Hz. At larger distances the peak velocity and frequency decreases and stabilizes at about 2.5 mm/s and 2.5
Hz for stations at distances from the fault exceeding 1 km (x = 1500 — 2000 m). According to Fig. 7, a PGV of 2.5
mmn/s at 2.5 Hz might be barely perceptible by humans.

PEAK PARTICLE VELOCITY (mm/s)

Fig. 7. Comparison of simulated PGV and frequency at different stations to the USBM-recommended limits [27] for cosmetic damage in plaster
stucco and drywall and human-perception [28] limits for blast vibration [7]. The frequency spectrum at x = 673.324 is located where the fault
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6. Concluding remarks

In addition to comparing our ground motion results to the USMB criterion in Fig. 6, we also compared our simulated
PGA and PGV values against the USGS’ empirically correlated instrumental intensity scale [33, 34]. If considering
the PGA value of 0.6g, we found that the USGS’ scale would substantially overestimate the potential damage and
human perception, whereas USGS’ empirical PGV values are more consistent with the USBM damage criterion. As
noted in Rutqvist et al. [7], the reason for overestimating the damage when using USGS’ PGA scale is probably that
the USGS’ empirical correlation was developed based upon eight larger California earthquakes of M = 5.8 [29, 30]
that were tectonic events, which occur much deeper than shallow injection-induced seismic events. Thus, our results
confirm the appropriateness of using PGV (rather than PGA) and frequency for the evaluation of potential ground-
vibration effects on structures and humans from shallow injection-induced seismic events. Using the USBM criterion,
our analysis showed that the short duration, high frequency ground motion generated from the 1000 m deep M,, 3
event may not cause any significant damage to surface structures, but would certainly be felt by the local population.

We note that the seismic event calculated in our synthetic case would not cause any loss of caprock integrity or
upward CO, leakage toward the ground surface as the fault reactivation took place below injection zone and not
through the overlying caprock. This is in line with recent simulation results in Rinaldi et al., [16], who found poor
correlation between the seismic events and CO, leakage, as relatively small-magnitude (between M,, 2 and 3.5)
events are not sufficient to substantially change the permeability along the entire fault length.

We conclude that the likelihood for induced seismicity and leakage will be site specific and a quantitative
dynamic model analysis like the one demonstrated in this study could be applied to a real site, for example to study
potential consequence of reactivating an identified critical fault, including potential induced seismicity, ground
motion, leakage, and effects on surface structures.
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