
Confidential manuscript submitted to J. Geophys. Res. Solid Earth

2

3

3-D modeling of induced seismicity along multiple

faults: magnitude, rate and location in a poroelasticity

system

4 K. W. Chang', H. Yoon2

5 1Geotechnology & Engineering Department, Sandia National Laboratories, Albuquerque, New Mexico,

6

7

USA.

2Geoemchanics Department, Sandia National Laboratories, Albuquerque, New Mexico, USA.

8 Key Points:

9 • Multiple faulting system is modeled in a three-dimensional (3-D) domain includ-

10 ing poroelastic coupling.

11 • Pore-pressure diffusion and/or poroelastic stressing induce seismicity along the fault

12 with any hydraulic type.

13 • The 3-D modeling captures properly the hydraulic and mechanical interaction be-

14 tween faults and surrounding formations.

Corresponding author: K. W. Chang, kchang@sandia . gov

-1-

SAND2018-11935J

This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed
in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.



Confidential manuscript submitted to J. Geophys. Res. Solid Earth

15 Abstract

16 Understanding of the potential to injection-induced seismicity along faults requires the

17 response of fault zone system to spatio-temporal perturbations in pore pressure and stress.

18 In this study, three-dimensional (3-D) model system consisting of the caprock, reservoir,

19 and basement is intersected by vertical strike-slip faults. We examine the full poroelas-

20 tic behavior of the formation and perform the mechanical analysis along each fault zone

21 using the Coulomb stress change. The magnitude, rate and location of potential earth-

22 quakes are predicted using the spatial distribution of stresses and pore pressure over time.

23 Rapid diffusion of pore pressure into conductive faults initiates failure, but the major-

24 ity of induced seismicity occurs at deep fault zones due to poroelastic stabilization near

25 the injection interval. Less permeable faults can be destabilized by either delayed pore-

26 pressure diffusion or poroelastic stressing. A two-dimensional (2-D) horizontal model,

27 representing the interface between the reservoir and the basement, limits diffusion of pore

28 pressure and deformation of the formation in the vertical direction that may over- or under-

29 estimate the potential of earthquakes along the fault. Our numerical results suggest that

30 the 3-D modeling of faulting system including poroelastic coupling can reduce the un-

31 certainty in the seismic hazard prediction by considering the hydraulic and mechanical

32 interaction between faults and bounding formations.

33 1 Introduction

34 The recent increase of induced seismicity has been linked to subsurface energy ac-

35 tivities involving injection operations such as wastewater injection related to conventional

36 oil and gas development [Ellsworth, 2013; Kerenan et al., 2013; Hough, 2014; Rubinstein

37 et al., 2014], geothermal energy production [Giardini, 2009], or geological CO2 segues-

38 tration [White and Foxall, 2016]. The majority of large seismic events (Mw > 3) was

39 observed within the basement rocks (or lowermost sediments) below the injection inter-

40 val where large faults are involved [Horton, 2012; Kim, 2013; Verdon, 2014; Hornbach

41 et al., 2015]. The mechanical failure of the fault depends on the orientation and loca-

42 tion of the fault, the in-situ state of stress, and the hydrogeological and mechanical prop-

43 erties of the intermediate sequences between the fault and injection interval [Segall, 1989;

44 Zhang et al., 2013; Figueiredo et al., 2015; Chang et al., 2018]. Two major mechanisms

45 have been suggested to explain the occurrence of injection-induced seismicity associated
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46 with fault instability : (1) direct diffusion of pore pressure and (2) indirect transfer of

47 poroelastic stresses [Ellsworth, 2013; Chang and Segall, 2016a].

48 Injection-induced increase of pore pressure will perturb the state of stress near/on

49 the pre-existing faults, and may initiate fault slips [Hubbert and Rubbey, 1959]. The im-

50 pact of direct diffusion of increased pore pressure on the fault stability is influenced by

51 both hydraulic and elastic properties of the formation (e.g., permeability and elastic mod-

52 uli) which will control the extent of the pressure propagation [Zhang et al., 2013; Chang

53 and Segall, 2016a]. The areal extent of the pressurized region over time commonly at-

54 tributes to the reactivation of pre-existing faults, potentially the spatial distribution in-

55 duced seismicity [Seeber et al., 2004; Ake et al., 2005; Arrowsmith and Eisner, 2006].

56 Indirect stress transfer can also cause rock deformation, subsequently destabiliz-

57 ing the pre-existing fault without substantial changes in pore pressure fields [Ellsworth,

58 2013; Chang and Segall, 2016a]. The interaction between fluid flow and solid elastic de-

59 formation perturbs stress fields inside and even outside the pressurized region, which can

60 be described by poroelastic coupling, not by the diffusion-driven process only. The poroe-

61 lastic coupling has an impact on the fields of pore pressure and stresses were observed

62 in the well operation sites [Segall, 1989; Hills, 2000; Gambolati et al., 2010], which are

63 not negligible for modeling a fluid-saturated rock [Detournay and Cheng, 1993; Zimmer-

64 mann, 2000].

65 To solve for the strong interaction between the fluid and solid phases, numerical

66 coupling schemes are required to integrate fluid flow and solid deformation in space and

67 time. Two typical coupling schemes, either iteratively or fully coupled, are employed.

68 For an iterative coupling approach, either the mechanical or flow problem is solved first,

69 followed by the other problem using an intermediate solution until the solution converges

70 within an acceptable tolerance [Settari and Mourits, 1998; Settari and Walters, 2001;

71 Tran et al., 2004; Jha and Juanes, 2007; Wheeler and Gai, 2007; Kim et al., 2011]. For

72 a fully coupled approach as in this study, the mechanical response and flow variables are

73 calculated simultaneously through a system of equations for geomechanics and flow at

74 every time step [Pan et al., 2009; White and Borja, 2011]. Compared to the iterative cou-

75 pling scheme, the fully coupled approach is unconditionally stable, but requires the de-

76 velopment of a unified flow-geomechanics simulator with proper constitutive models, which

77 is computationally more expensive.
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78 To predict the induced seismicity caused by fluid injection and develop mitigation

79 strategies of induced seismic events, it is important to improve our understanding of the

80 physical mechanisms between injection activities and the (re)activation of faults. In par-

81 ticular, there is a strong need to study the pressure propagation/retardation from the

82 injector in different fault zone systems (e.g., conductive vs. sealing) and poroelastic re-

83 lationships between pressure distribution and critically stressed faults. Operational con-

84 ditions of fluid injection such as the total volume of fluid injected [McGarr, 2014] and

85 the injection rate [Weingarten et al., 2015; Langenbruch and Zoback, 2016; Chang et al.,

86 2018] can influence the degree of induced seismicity (e.g., number of events and magni-

87 tude). More importantly, fault-zone properties such as hydrogeological and geomechan-

88 ical properties, host rock lithology, and fault zone architecture are key to predicting the

89 poroelastic response of fault system under in-situ pressure and stress conditions [Caine

90 et al., 1996; Rinaldi et al., 2014; Figueiredo et al., 2015]. The fault can also transform

91 a laterally extensive formation into compartments. Each compartment surrounding the

92 fault has its own hydrogeological and mechanical characteristics and the presence of dis-

93 continuity along each compartment will control on the migration of fluids within and through

94 each compartment. For example, the low permeable fault hinders fluid flow across the

95 fault that causes the variability in the pressure field on either side of the fault, possible

96 resulting in shear failure along the fault plane [Chang and Segall, 2016a; Vilarrasa et al.,

97 2016].

98 Recent geomechanical modeling of injection-induced seismicity along the fault im-

99 plemented a 2-D vertical domain including a single fault with a plane strain condition

100 [Rutqvist et al., 2016; Zbinden et al., 2017; De Simone et al., 2017]. Full 3-D modeling

101 of reactivation of a single fault was performed to simulate the potential seismicity as-

102 sociated with shale-gas fracturing [Rutqvist et al., 2015] and geological CO2 storage [Ri-

103 naldi et al., 2015]. At a regional scale, however, multiple fault sets are generally observed

104 and their spatial distribution may generate a heterogeneous stress field [Maerten et al.,

105 2002; Duan and Oglesby, 2006]. Some 2-D studies modeled the multiple faulting system

106 in the basement rock, but identical properties often applied to each fault [Chang and Segall,

107 2016a,b], in which the distance from the well is the only factor determining the stabil-

108 ity of each fault at given formation properties. Hydraulic properties of each fault influ-

109 ence the dynamics of fluid flow, giving rise to the spatio-temporal pressure field corre-

110 sponding to the injection operations. Also, joints and small-scale faults may elevate or
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111 reduce the fault permeability that causes localized pressurization along the fault. As a

112 result, induced seismicity was commonly observed at intersections or bends in basement

113 faults [Doser et al., 1992] due to variable seismic response to changes in pore pressure.

114 Since the fault zone architecture is complex and very difficult to be accurately ac-

115 counted for, the fault systems have been simply treated as single features with hydraulic

116 and mechanical properties without considering heterogeneity and anisotropy of hydrome-

117 chanical properties inside the fault zone [e.g., Bense and Person, 2006; Gudmundsson

118 et al., 2010; Rinaldi et al., 2014]. If the thickness of the fault zone is negligible compared

119 to the overall reservoir scale, the mechanical behavior of the thin fault zone can be rep-

120 resented by zero-thickness mechanical interfaces [e.g., Day and Potts, 1994; Parson, 2002;

121 Cappa and Rutqvist, 2011; Jha and Juanes, 2014]. However, a large contrast of mechan-

122 ical properties (e.g., bulk and shear moduli) along the fault can cause numerical insta-

123 bility [Day and Potts, 1994], so careful selection of the interface properties is required.

124 Hydraulic elements can be added along the interface to account for the effect of pore pres-

125 sure perturbations on the fault stability [Cappa and Rutqvist, 2011]. The comparative

126 study of implementing finite-thickness elements or mechanical interfaces with equivalent

127 mechanical properties shows that hydromechanical behavior of faults driven by fluid flow

128 can be represented properly with either method [Cappa and Rutqvist, 2011]. Our numer-

129 ical scheme using finite-thickness elements easily implements a variety of fault charac-

130 teristics (from a homogeneous fault plane to a complex fault zone), which is more ap-

131 propriate for simulating the fault instability caused by fluid injection.

132 The objective of this study is to enhance our mechanistic understanding of induced

133 seismicity in the presence of multiple faults by evaluating spatio-temporal distributions

134 of stresses and pore pressure, consequently the magnitude and rate of potential earth-

135 quakes. We model a 3-D domain with a three-layer system (units of mudrock, reservoir,

136 and basement) including multiple faults that intersect the reservoir and basement. The

137 mechanical response of the formation to the well operation (injection/shut-in) is quan-

138 tified by the changes in pore pressure and stresses. For the comparative analysis, 2-D

139 simulation of the interface between the reservoir and basement is performed to evalu-

140 ate if 2-D models will address the same mechanistic behaviors compared to 3-D simu-

141 lations. This comparative study validates the effect of diffusion and deformation in an

142 extra dimension on the perturbation in pore pressure and stresses, potentially the earth-

143 quake occurrence along the fault plane.
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144 2 Model Description

145 2.1 Governing equations

146 To model the injection-induced coupling process, we adapt the linear poroelastic-

147 ity theory [e.g., Biot, 1941] that describes mechanical equilibrium and fluid mass con-

148 servation in terms of the displacement field u and pore pressure p as follows [Biot, 1941;

149 Rice and Cleary, 1976; Wang, 2000; Segall, 2010]:

150

151

(x)
V • [G (x) VII] + V [

1 — 

G 

2v (x)
] V • u — a(x)Vp + f = 0,

a

152 S (x) 
p 
- -

1
V • [k (x) Vp] = 

—a(x) (V . u)at n

153 where the shear modulus (G, Pa) and the Poisson's ratio (v, -) are for drained condi-

154 tions and f is the body force per unit volume of the bulk. The Biot-Willis coefficient a

155 (-) represents the ratio of changes in the fluid volume to the total bulk volume for de-

156 formation at constant pore pressure, defined as

3 (v. — v)
157 a =

B (1- 2v) (1 + vu)

158 where the Poisson's ratio va and Skempton's coefficient (B, -) are for undrained condi-

159 tions (Ani = 0). B is the ratio of the change in pore pressure to the change in mean

160 normal stress. Note that only two of three parameters (v,,, B, and a) are independent.

161 In the conservation equation (2), k (m2) is the permeability, n (Pa•s) is the fluid viscos-

162 ity, and S (Pa-1) is the constrained specific storage [Wang, 2000]. S represents the in-

163 crease of the amount of fluid (per unit volume of rock) as a result of a unit increase of

164 pore pressure, under constant volumetric strain (e = 0) given by

165 S = 
a2 (1 — 2v) (1 — 2vu)

2G (v,,, — v) •

166 Full poroelastic coupling is represented by the presence of Vp in equation (1), acting as

167 body forces in the stress equilibrium, and V • u in the flow equation (2).

168 2.2 Model domain

(1)

(2)

(3)

(4)

169 Assuming that faults are well-oriented for slip in the given stress state, small per-

170 turbations in stresses or pore pressure can induce the instability of the faults [Stein, 1999].

171 As shown in Figure la, the 3-D numerical domain has three layers of mudrock, reservoir,

172 and basement with 200 m, 25 m, and 1 km of thickness, respectively. The laterally ex-

-6—



Confidential manuscript submitted to J. Geophys. Res. Solid Earth

173 tensive geometry (5 km x5 km) is employed to minimize the boundary effects due to pore-

174 pressure diffusion caused by water injection. The domain includes three vertical strike-

175 slip faults with strike of N3OW. Each fault, 5 m wide and 1 km long, extends up to the

176 top of the reservoir and down to the bottom of the basement (1.025 km high, but not

177 intersecting the mudrock layer). The fault width is selected as a median value from the

178 thickness-displacement relationship based on the field and microstructural data of the

179 fault zone [Wibberley et al., 2008]. The faults are modeled as two end-member types for

180 a typical range of the permeability: high-permeability (conductive) faults (Faults 1 and

181 3, kfl = kf3 = 1 x 10-12 m2) and a low-permeability (sealing) fault (Fault 2, kf2 =

182 1 x 10-21 m2). For the sensitivity test of the fault permeability effect, the permeabil-

183 ity of sealing Fault 2 is increased by six orders of magnitude (sealing into moderately con-

184 ductive, kf2 = 1 x 10-15 m2), while the other Faults 1 and 3 remain the same. Hy-

185 drogeological and mechanical properties of the reservoir and faults are given in Table 1.

186 The 3-D domain is reduced by the cross-sectional surface throughout the center of the

187 faults where the symmetric conditions are satisfied, to enhance numerical efficiency.

188 A single-phase fluid is uniformly injected into the center of the 3-D domain at a

189 constant mass rate of 0.02 kg/m/s during the injection period (At =30 days). A total

190 simulation time is 60 days to investigate post shut-in behavior. Since we are concerned

191 with perturbations from the equilibrium state, the initial stresses and pore pressure are

192 set to zero in this work. A top boundary has a constant pore-pressure condition (p =

193 0) and is free to move in all directions, while a bottom boundary has no-flow condition

194 (Vp = 0) and is free to move in the surface-parallel direction only. Side boundaries have

195 a constant pore-pressure condition and are free to move in the surface-parallel direction.

196 The governing equations (1) and (2) are numerically solved with initial and bound-

197 ary conditions to study the perturbation in pore pressure and stresses driven by fluid in-

198 jection as well as after shut-in. The finite-element analysis is performed using COMSOL

199 Multiphysics 5.3 [COMSOL Multiphysics, 2017]. A variable step method is employed for

200 time integration [Dreij et al., 2011], and tetrahedral/mapped elements are used for spa-

201 tial discretization [Hughes, 2000]. Mesh is highly refined near faults and the injection

202 point to resolve the strong gradients of pore pressure and displacement (Figure lb).
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203 2.3 Coulomb failure analysis

204 To characterize the failure of the pre-existing fault caused by fluid injection, the

205 modified Coulomb failure criterion has been widely used, Ts = f(o-ri+p) where Ts and

206 un are the shear and normal stresses acting on the fault surface, respectively. The co-

207 efficient of fault friction (f) is assumed constant as a standard laboratory value [Zoback

208 and Healy, 1992]. For the critically stressed faults, the mechanical stability of the faults

209 is effectively quantified by the change in Coulomb stress, AT ATs + f (Aan + AP)

210 using a extension positive convention. To evaluate the poroelastic effects, we rearrange

211 AT in terms of the changes in poroelastic stresses and pore pressure [Chang and Segall,

212 2016a; Chang et al., 2018]:

213 AT(X, t) = [A 7- s (X , t) + f AC r n (X , t)] + f Ap(X,t) (5)

214 where AT, is the change in shear stress, Aar, is the change in normal stress, and Ap is

215 the change in pore pressure. In equation (5), positive values of AT, Ars, and Aan im-

216 ply that the fault plane is moved closer to failure, the change in shear stress favors fail-

217 ure in the expected slip direction of the fault (here taken to be strike-slip), and an in-

218 crease in relative tension across the fault, respectively.

219 2.4 Seismicity magnitude estimate in poroelastic medium

220 The magnitude of a seismic event (Mw) is a measure of earthquake size to predict

221 the ground motion as well as potential damage. For the seismic hazard associated with

222 fluid injection, Mw can be determined by the injection parameters (i.e., rate and period)

223 and/or the hydrogeological and mechanical properties of the geological formation.

224 The maximum magnitude of induced seismicity may be limited by the total vol-

225 ume of fluid injected into the fully saturated formation (AV) which is related to the max-

226 imum seismic moment (Moonax) as [McGarr, 2014]

(1.5 

b 

— b)
2 f KAV (6)227 MO, max — 

228 where b is defined in the classic Gutenberg-Richter (G-R) frequency-magnitude relation

229 (higher b-value implies more small earthquakes relative to larger events) and K (Pa) is

230 the bulk modulus for drained conditions (Ap = 0) measuring the volumetric strain due

231 to changes in applied stress while holding pore pressure constant.
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232 Consideration of poroelastic deformation driven by fluid injection yields the follow-

233 ing formula to predict the maximum magnitude of injection-induced earthquakes (refer

234 to Appendix A for details):

235 MO,M,ax = 
(1.5 — b) 2f 

AV
b S (7)

236 where the inverse of the constrained specific storage (S-1, Pa; refer to the equation (4))

237 is the Biot's modulus. It is noted that these two approaches based on AV do not account

238 for the local characteristics of the fault zone (e.g., fault geometry and strength) and the

239 variability of lithology and formation properties, neglecting the localized gradients of pore

240 pressure and stresses.

241 The spatio-temporal variation of the b-value depends on geological factors (e.g., for-

242 mation heterogeneity [Mogi, 1962], anomalous stress distribution [Wyss, 1973], or ther-

243 mal gradients [Warren and Latham, 1970]). The evolution of pore pressure driven by fluid

244 injection can be linked to the spatio-temporal variation of the b-value [Bachmann et al.,

245 2012]. At the geothermal stimulation site at Basel, Switzerland, the b-value varies in the

246 range from 1.1 to 1.6 corresponding to the location relative to the injection point and

247 the phase of injection operations (higher b-value closer to the injector during the injec-

248 tion period). The b-value of induced earthquakes is generally higher than normal tec-

249 tonic events [Shapiro et al., 2011], and this study assumes b = 1.38 (mean b-value from

250 Table 1 in Dempsey et al. [2016]) for the prediction of earthquake magnitudes.

251 By correlating the fault geometry to mechanical deformation, the seismic magni-

252 tude can be correlated to the total amount of displacement on the fault during the seis-

253 mic event. The seismic moment on an individual fault plane can be measured by the fol-

254 lowing formula [Kanamori and Brodsky, 2001]:

255 MO = GUA (8)

256 where u(m) is the average displacement along the fault surface and A (m2) is the rup-

257 ture area. The formula can be expressed in terms of the integral of displacement over

258 the fault plane area

259 Mo = G f udA. (9)

260 Assuming that faults are located nearby the injection well close enough to be pressur-

261 ized by direct diffusion, the rupture area is identical to the size of the whole fault zone

262 and independent of the propagation of the pressure front. This approach, thus, excludes

263 local dynamics of the fault instability driven by time-dependent processes (i.e., pore-pressure
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264 diffusion into the fault zone and subsequent deformation) and may constrain the upper

265 limit of the magnitude for induced earthquakes on individual fault.

266 The G-R frequency-magnitude distribution of earthquakes can be expressed in terms

267 of seismic moment Mo (N-m), which defines the moment-magnitude relation as follows

268 [Hanks and Kanamori, 1979]

269 Mw = 
3 
—
2 
[log10M0 — 9.05] .

270 2.5 Seismicity rate prediction

(10)

271 The rate of earthquakes at given magnitudes can be estimated by the seismicity

272 rate model developed by [Dieterich, 1994] as in the previous studies [Chang and Segall,

273 2016a,b]. Assuming that the ratio of shear stress to effective normal stress, 78/(5- = rs/(o-n+

274 p) is constant, we obtain the following formulation as follows:

275

dR R ( i- R)

dt '1T3 )

276 where R (-) is the seismicity rate relative to an assumed steady-state seismicity rate at

277 a background stressing rate (i-o) and ta aaii-o is the characteristic relaxation time

278 for seismicity to restore to steady state.

279 In this study, we assume that the fault constitutive friction parameter (a = 0.003)

280 quantifies the direct effect in the rate-state friction law, and the background effective stress

281 (d. = 13.33 MPa) acts on the fault plane. The background stressing rate (i-o) is assumed

282 to be 10-3 MPa/yr such that a typical 1 MPa stress drop accumulates in 103 years. This

283 leads to a characteristic time of ta = 40 years.

284 Equation (11) relates the Coulomb stress changes to the seismicity rate changes.

285 The numerical simulation generates spatiotemporal distributions of Coulomb stress (5)

286 on the point (or surface) we concern, and the stressing rate (i-) is calculated by curve-

287 fitting functions. Then, we solve the ordinary differential equation (11) to obtain R(x, t)

288 on the fault using the Matlab ODE solver ode45. The details of the numerical proce-

289 dure can be found in [Chang and Segall, 2016a; Chang et al., 2018].
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290 3 Numerical Results

291 3.1 Pressure and stress distributions in the 3-D model

292 Figure 2 shows the distribution of f Ap, A7-5+ f Acr„, and AT in the 3-D space at

293 the end of injection (t = 30 days). We use the same color scheme for all simulation re-

294 sults (red for positive value and blue for negative), and the green contour line represents

295 the value of 0.02 MPa.

296 The conductive fault near the injector (Fault 1) enhances strong pore-pressure buildup

297 due to rapid direct diffusion whereas the sealing fault (Fault 2) inhibits the pore-pressure

298 propagation across it (Figure 2a). Small increase in pore pressure is observed at the con-

299 ductive fault far away from the injector (Fault 3) due to late diffusion around the seal-

300 ing fault at the given injection period and rate.

301 Pressure buildup causes strong compression (negative Ars+f Aan) within the reser-

302 voir and shallow basement whereas relatively weak extension (positive Ars+f Aan) be-

303 low the pressurized regions (Figure 2b). Both dilation of the pressurized regions and con-

304 finement of pore pressure causes strong compression outside the sealing Fault 2 at shal-

305 low depth. Physical mechanisms of poroelastic stressing will be discussed in the section

306 4.1.

307 The distribution of the Coulomb stress change (AT) is similar to the f Ap distri-

308 bution in a lateral direction, implying that pore-pressure diffusion significantly contributes

309 to the instability of the diffusion-dominant regions (Figure 2c). Poroelastic stressing re-

310 sults in positive AT at deep basement and outside the sealing fault where pore pressure

311 does not diffuse directly.

312 Figure 3 shows the temporal data of f Ap, Ars + f Aan, and AT along the mid-

313 dle of each fault. The vertical axis of each plot is from the fault top (boundary between

314 the mudrock and the reservoir at x3 = 0.025 km) while the lower bound is at x3 = -

315 0.4 km. The dash line at t = 30 days in each plot represents the end of injection.

316 Direct pore-pressure diffusion leads to positive f Ap throughout the conductive Fault

317 1 nearest the injection well (Figure 3a). Pore fluid continues to spread out, and the max-

318 imum f Ap is achieved after shut-in. Low permeability of Fault 2 inhibits direct pore-

319 pressure diffusion into/across it, but still poroelastic stressing perturbs the pressure field

320 (Figure 3b). Most of meaningful changes in f Ap are observed at the upper portion of
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321 Fault 2 because the permeability contrast between the fault and surrounding reservoir

322 generates intense mechanical response to lateral diffusion. Fault 2, acting as a hydraulic

323 barrier, prevents substantial pore-pressure diffusion into the conductive Fault 3 far away

324 from the injector, but slow and steady increases in fAp is observed along Fault 3 even

325 after shut-in (Figure 3c).

326 The poroelastic coupling effect can be determined by either compression within or

327 extension outside the pressurized regions where diffusion is dominant Poroelastic com-

328 pression (negative A7-5-FfAcrn) develops within the entire conducive Fault 1 where pore

329 pressure diffuses (Figure 3d). The sealing Fault 2 within the injection interval (0 < z <

330 0.025 km) is compressed due to its resistance against the expansion of bounding reser-

331 voir (Figure 3e). Below the injection interval (z < 0 km) is initially extended with poroe-

332 lastic expansion of the surrounding basement. Later (including the post shut-in phase)

333 pore pressure diffuses in the basement rock that compresses the shallow portion of the

334 fault. The distant conductive Fault 3 is slightly compressed by delayed pore-pressure dif-

335 fusion (Figure 3f).

336 Positive AT develops along the entire Fault 1, but poroelastic compression reduces

337 the direct impact of elevated pore pressure on the upper portion of Fault 1 (Figure 3g).

338 Poroelastic extension of the basement rock causes positive AT along the Fault 2, even

339 without direct diffusion of pore pressure (Figure 3h). Fault 3 is initially stabilized by poroe-

340 lastic compression, and later destabilized due to post shut-in diffusion of pore pressure

341 (Figure 3i).

342 3.2 Estimate of the maximum earthquake magnitude

343 For the injection scenario (the net injected fluid volume AV :.---- 1.3x103 m3) and

344 fault properties as listed in Table 1, the seismic moment and magnitude of potential earth-

345 quakes induced by fluid injection are calculated (Table 2). The maximum seismic mo-

346 ment is predicted to be 1.08x 1012 N.m using the McGarr's method (equation 6), equiv-

347 alent to a moment magnitude of 1.99 from the moment-magnitude relation (10). Note

348 that a larger injection rate for a longer period will increase AV, which will increase the

349 upper limit of Mw based on the linear relation between Mo,max and AV (equation 6).

350 With poroelastic deformation caused by fluid injection (equation 7), the maximum

351 seismic moment is estimated to be 1.66x 1012 N.m, equivalent to the maximum magni-
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352 tude of 2.11. The reservoir tends to dilate with increasing the fluid volume by injection,

353 while the elastic surrounding formations resist and compress the reservoir. This poroe-

354 lastic compression within the pressurized reservoir is compensated by larger Ap, corre-

355 sponding to larger AV from the linear relation (A.4). This would enhance the upper bound

356 to the earthquake magnitude, resulting in a larger magnitude than that from the equa-

357 tion (6).

358 The spatial distribution of displacement along the surface of an individual fault is

359 obtained along the middle of the vertical fault plane at every time step. The seismic mo-

360 ment along each fault and the maximum magnitude are computed using the equations

361 (9) and (10), respectively. The largest magnitude (M\--W ,max = 1.47) is generated on the

362 conductive Fault 1 mainly due to direct diffusion of pore pressure into the Fault 1. Even

363 without pore-pressure diffusion into the sealing Fault 2, poroelastic expansion of base-

364 ment rocks surrounding the Fault 2 results in substantial displacement (Mw,max = 1.35).

365 The predicted Mw,max along each fault plane is less than those estimated by AV be-

366 cause the ft-based estimate excludes dissipation of pore pressure and subsequent miti-

367 gation of stresses into upper/lower formations surrounding faults. Although the earth-

368 quake magnitude estimated in this study was relatively low, the estimate of Mw,max could

369 increase dramatically depending on the injection operation (e.g., larger injection rate and

370 longer periods) and/or the formation characteristics (e.g., hydrogeological and mechan-

371 ical properties, fault geometry favorable to the fault instability and/or the presence of

372 fractures/faults directly connecting to the injection interval).

373 3.3 Estimate of the seismicity rate along each fault

374 Using temporal data of AT, the seismicity rate model (equation 11) gives the evo-

375 lution of the seismicity rate (R) along the middle of each fault (Figure 3j to 31). The seis-

376 micity rate (R) increases on any type of faults, but the controlling mechanism varies de-

377 pending on the fault permeability and location.

378 Substantial increment in R is predicted along the deep Fault 1 (z < —0.25 km)

379 due to the combined effect of direct pore-pressure diffusion and corresponding poroelas-

380 tic compression (Figure 3j). The maximum R (Rmax 24) is observed after the end

381 of injection because the post shut-in relaxation of poroelastic compression is much faster

382 than the pressure front retarded under an undrained condition [Chang and Segall, 2016a].

—13—



Confidential manuscript submitted to J. Geophys. Res. Solid Earth

383 Depending on the fault permeability, the synergy between delayed diffusion of pore pres-

384 sure and poroelastic stressing can cause dramatic increases in R after shut-in [Chang et al.,

385 2018]. A modest rise in R is estimated along the sealing Fault 2 below the reservoir (Rmax ,-,-,

386 4, —0.05 km < z < 0 km) driven mainly by poroelastic extension (Figure 3k). Along

387 the distant Fault 3, post shut-in diffusion causes small and slow increases in R (Rmax ,-,

388 1.4) at the deep fault zone (Figure 31). Note that the injection operation with higher rates

389 and/or longer periods will cause more diffusion into the conductive fault, and potentially

390 enhance the rate of earthquakes along the fault.

391 4 Discussion

392 4.1 Effect of poroelastic coupling

393 Figure 4 schematically describes physical mechanisms of poroelastic deformation

394 driven by fluid injection. Diffusion of pore pressure into conductive structures (reservoir

395 and conductive faults) enlarges the pressurized region (blue), whereas the extent of the

396 pressure plume in a vertical direction is relatively limited by low permeable bounding

397 units (mudrock and basement). The pore-pressure diffusion in the conductive pathways

398 generates the extension at the adjacent basement, which subsequently compresses the

399 basement at the distance. Inside the pressurized region strong compression develops due

400 to poroelastic response of the rock solid to pore-pressure buildup. On the other hand,

401 a sealing fault acts as flow barriers, leading to abrupt changes in the pore pressure field

402 across the fault. Without direct pore-pressure diffusion into the sealing fault (where AT P,'

403 A1-5+ f Aan), poroelastic stressing perturbs the stress state inside the sealing fault by

404 two primary mechanisms: (1) compression of the upper fault surrounded by the pres-

405 surized reservoir and shallow basement, enhancing the fault stability and (2) extension

406 at the deep fault outside the pressurized region, potentially generating earthquakes (re-

407 fer to the subplot of Figure 4). Note that the location and rate of injection-induced earth-

408 quakes will vary depending on injection scenarios and fault zone characteristics (e.g., ge-

409 ometry, location, hydrogeological and mechanical properties).

410 To highlight the impact of poroelastic coupling on the induced seismicity, the un-

411 coupled problem, where the mechanical deformation is neglected and the fluid flow is solved

412 independently of the stress field, is simulated. For quantitative comparison, all simula-

413 tion conditions are maintained to be the same for both coupled and uncoupled simula-
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414 tions. The conditions of uniaxial strain (Eii = E22 = 0) and constant vertical stress

415 (a33 = c) reduces the flow equation (2) to the standard transient flow equation as fol-

416 lows:

ap 1

417 su(x)—at - j • [k(x)Vp] = 0

418 where Su (Pa-1) is the uniaxial specific storage expressed as

419

a2 (1 — 2v)su = s + 
2G (1 — v) •

420 The uncoupled system perturbs pore-pressure fields only, indicating that AT = f Ap

421 and A—T., = f Aar, = 0. As a result, pore pressure in the conductive Fault 1 increases

422 dramatically, but does not change in the sealing Fault 2 (Figures 5a to 5b). Pore pres-

423 sure increases slightly in the conductive Fault 3 due to a delayed diffusion through the

424 sealing Fault 2 (Figure 5c), but the degrees of the change is minimal.

(12)

(13)

425 In the uncoupled system, the seismicity rate (R) is a function of the pore-pressure

426 change only (R ,--, fp) due to the absence of poroelastic stressing. Hence, R is estimated
427 to be high along the Fault 1 (Rruax r-:_-,' 150), whereas R to be close to the background

428 rate (R ,--, 1) in both Faults 2 and 3 (Figures 5d to 5f). The R values propagate from

429 the upper to lower parts of the model domain corresponding to the pore-pressure prop-

430 agation, and the maximum R is observed at the uppermost fault zone within the reser-

431 voir.

432 When the geomechanical response to fluid injection is neglected, direct diffusion

433 of pore pressure into the conductive fault through hydraulic pathways is the only mech-

434 anism to induce seismicity as discussed in previous studies [e.g., Zhang et al., 2013; Ker-

435 enan et al., 2014; Nakai et al., 2017; Hearn et al., 2018]. Thus, the observed seismicity

436 along deep basement faults can be accounted for only by the extent of the pressure plume

437 through the undetected pathways (e.g., permeable fault or fracture networks) hydrauli-

438 cally connecting between the pressurized region and the deep part of the conductive fault.

439 Our coupled model, however, shows that injection-induced perturbations in pore

440 pressure and/or stresses can induce seismicity in various hydraulic types of basement fault.

441 For conductive faults, direct diffusion causes significant changes in pore pressure through-

442 out the fault. However, poroelastic compression suppresses seismicity at the shallow fault

443 zone, such that most of earthquakes will occur at the deep fault zone. This mechanism

444 may explain the observation that the majority of injection-induced earthquakes occurred
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445 within the basement, 1 to 4 km deeper than the reservoir [Seeber et al., 2004; Horton,

446 2012; Kim, 2013]. For sealing faults, limited diffusion results in negligible pore-pressure

447 change within them, but poroelastic extension at the shallow basement rocks can increase

448 AT during injection period, inducing earthquakes along the shallow fault zone. This may

449 explain seismic activities observed at shallow depths of the basement [Hornbach et al.,

450 2016].

451 4.2 Effect of fault permeability

452 The fault permeability is important to determine the location and rate of earth-

453 quake occurrence. To emphasize the effect of the fault permeability, we increase the per-

454 meability of the Fault 2 (k f2 =1x10-15 m2, conductive but less permeable than Faults

455 1 and 3) to analyze how the permeability variation in multiple faults affects the change

456 of pore pressure and stresses along each fault.

457 Compared to the reference case in Figure 3, pore pressure diffuses directly into the

458 conductive Fault 2, which also decreases the positive change of f Ap in the Fault 1 (Fig-

459 ure 6a). However, an intermediate permeability of Fault 2 retards the rate of diffusion,

460 which accumulates pore pressure within the upper portion of Fault 2 (Figure 6b). The

461 lateral propagation of the pressure across Fault 2 reaches Fault 3, which increases f Ap

462 along Fault 3 (Figure 6c). This case clearly demonstrates that seismic activities at shal-

463 low depths can be significantly influenced by fault zone architectures with varying hy-

464 drogeological and mechanical properties.

465 Pressurization-induced compression is developed along the fault zone where diffu-

466 sion dominates, but extension occurs below the pressurized region (Figures 6d to 6f). Com-

467 pared to the reference case of the sealing Fault 2 (Figure 3e), diffusion into the partially

468 permeable Fault 2 compresses the shallow fault more significantly. This additional dif-

469 fusion into the Fault 2 results in less diffusion into the Fault 1. Subsequently less dila-

470 tion causes slight extension at deep fault zones.

471 Direct pore-pressure diffusion leads to positive changes in Ar (Figures 6g to 6i) as

472 well as R (Figures 6j to 61). This shows that the fault permeability controls the extent

473 of pressure front and poroelastic stressing within the fault zone, hence, the spatial dis-

474 tribution of Ar and R vary along each fault. The major increases in AT and R are ob-

475 served at the shallow Fault 2 (Rmax R.-: 50) because relatively less diffusivity slows down
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476 the pressure propagation and accumulates pore pressure significantly. For more conduc-

477 tive faults (Fault 1 and 3), poroelastic compression attenuates f Ap within/near the in-

478 jection interval so that the increment in AT and R occurs at the deep fault zone. The

479 lateral diffusion across Fault 2 decreases AT and R along Fault 1 (Rmax P..-• 14) while

480 increases them along Fault 3 (Rmax P.: 5) compared to the reference case.

481 Figure 7 shows the lateral distribution of f Ap, Ars+ f Acrii, and AT in the hor-

482 izontal plane of the reservoir (z = 0.01 km) at t = 45 days (post shut-in phase). The

483 injection location is indicated by yellow star. Within the reservoir, diffusion of pore pres-

484 sure is a dominant mechanism to determine AT, and the fault instability is controlled

485 mainly by the permeability of each fault. The sealing Fault 2 inhibits pore-pressure prop-

486 agation across it, and the largest increases in AT is observed at the Fault 1 (Figures 7a

487 to 7c). On the other hand, the conductive Fault 2 allows diffusion into/across it, and the

488 substantial accumulation of pore pressure along the Fault 2 causes the largest increase

489 in AT on it (Figures 7d to 7f). This comparative study suggests that the fault perme-

490 ability controls the hydraulic and mechanical interaction between adjacent faults and/or

491 surrounding formations, potentially determining the occurrence of injection-induced earth-

492 quakes.

493 4.3 Effect of model dimension

494 The 2-D aerial-view domain representing the lateral interface between the reser-

495 voir and basement (Figure 8) is used to evaluate the effect of model dimensionality (2-

496 D vs. 3-D). All other conditions are the same as in the 3-D model. Assuming the plane

497 strain condition in the (x,y)-plane, the fault dimension in the vertical direction is large

498 enough to neglect the variability of applied forces as well as the boundary effect on fluid

499 flow. The point data extracted at the center of the fault (i.e., star points in Figures 1

500 and 8) are used to compare the temporal evolution of pore pressure, stresses, stressing

501 rate (i-) and the seismicity rate (R).

502 For the conductive faults (Faults 1 and 3), pore pressure in the 2-D domain increases

503 faster and higher than in the 3-D model because pore pressure diffuses laterally only in

504 the 2-D domain, but both lateral and vertical diffusion into upper and lower units is al-

505 lowed in the 3-D domain (Figures 9a and 9c). Mechanically, the conductive faults are

506 compressed due to poroelastic response to pressurization for both 3-D and 2-D models
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507 (Figures 9d and 9f). For the 2-D sealing Fault 2, fAp increases positively, but the poroe-

508 lastic stress is negative corresponding to poroelastic compression (Figures 9b and 9e).

509 In the 3-D domain, the vertical displacement (i.e., dilation/shrinkage of basement rocks)

510 is additionally engaged in poroelastic stressing, which results in transition from nega-

511 tive to positive fAp along Fault 2 after shut-in due to relaxation of poroelastic exten-

512 Sion.

513 For both 2-D and 3-D models, the conductive Faults 1 and 3 are destabilized mainly

514 by direct pore-pressure diffusion (Figures 9g and 9i). The confinement of pore pressure

515 in the 2-D domain increases positive AT more significantly during injection (larger changes

516 in i-, Figures 9j and 91), subsequently increasing R by one order of magnitude (Figures

517 9m and 9o). On the other hand, the sealing Fault 2 can be either destabilized or stabi-

518 lized depending on vertical poroelastic stressing associated with mechanical and hydraulic

519 properties of surrounding units. In the 2-D domain, strong lateral compression devel-

520 ops by rapid pressure buildup around the Fault 2, which enhances the fault stability (neg-

521 ative AT, Figure 9h) and prevents the earthquake occurrence (Figure 9n). Considering

522 the vertical displacement in a 3-D multilayer system, poroelastic extension of the base-

523 ment underneath the reservoir destabilizes the Fault 2 (refer to the Section 4.1), which

524 cannot be described by the 2-D aerial view model.

525 Comparison of 2-D and 3-D modeling results clearly shows that restricting diffu-

526 sion and deformation in the lateral direction in a 2-D aerial-view domain can over- or

527 under-estimate the potential of seismic hazards along basement faults. In a 3-D domain,

528 diffusion of pore pressure into the basement rock (not directly into the basement fault)

529 reduces pore-pressure buildup within the conductive fault whereas it can induce poroe-

530 lastic stressing on the sealing fault zone outside the pressurized region. Mechanical be-

531 haviors of each fault interacting with surrounding formations vary depending on the do-

532 main dimension and fault permeability. Note that 2-D vertical model could be useful to

533 predict the potential of induced seismicity driven by fluid injection directly into the base-

534 ment, as in enhanced geothermal systems. The dramatic variation in hydro-mechanical

535 properties and fracture scales would be captured more precisely in a 2-D vertical domain

536 at the current computational power. However, 2-D vertical model assumes the finite or

537 semi-infinite geometry in the horizontal direction, which requires appropriate setting of

538 boundary conditions and injection operation for proper estimates of magnitude and rate

539 of possible seismic events. Only 3-D model can properly account for pore-pressure prop-
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540 agation and rock deformation in the vertical and horizontal directions which are criti-

541 cal to determine the stability of basement faults. These results suggest that 3-D model

542 with proper configuration and formation properties is essential to accurately estimate

543 the seismic hazards associated with fluid injection.

544 5 Conclusions

545 We model multiple faults in a 3-D multilayer system to estimate the magnitude,

546 rate and location of injection-induced earthquakes by considering poroelastic coupling

547 effects. Neglecting poroelastic coupling effects causes less perturbations in pore pressure

548 and thus underestimates Mw,max at given injection scenarios. The u-based Mw,max is

549 less than the AV-based one because dissipation of pore pressure into upper mudrock and

550 lower basement (not directly into the fault zone) causes less perturbations in stress/strain

551 fields on individual faults.

552 Our 3-D modeling study emphasizes that the interaction between direct pore-pressure

553 diffusion and poroelastic stressing can increase the rate of induced seismicity (R) along

554 the fault of any hydraulic characteristics. However, the rate and location of earthquakes

555 will vary depending on hydrogeological and mechanical properties of each fault (Table

556 3). Our key finds are summarized as follows:

557 • The highly conductive fault enhances pore-pressure diffusion into/across it where

558 induced seismicity is predominantly caused by direct diffusion. The most frequent

559 earthquakes occur along the conductive fault at deep depths because poroelastic

560 compression within/near the injection interval stabilizes the upper fault zone. Along

561 a fault further away from the injection well, poroelastic stressing driven by pres-

562 surization is less involved in the earthquake occurrence.

563 • The presence of sealing fault impedes pore-pressure propagation into/across the

564 fault zone where perturbation in pore pressure is not expected. However, the me-

565 chanical behavior of the bounding formations compresses or extends the sealing

566 fault corresponding to well operation. Note that the uncoupled system cannot de-

567 scribe the poroelastic behavior of the hydraulically isolated faults (e.g., sealing faults

568 or basement faults at depth).

569 • The slightly conductive fault can attenuate the extent of pressurized region within

570 the fault, but a high fraction of increased pore pressure is accumulated along the
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571

572

fault (maximum fAp nearest to the injection interval), which can cause the sig-

nificant increases in R at shallow depths in faults.

573 Although 2-D horizontal models can be computationally efficient, the potential seis-

574 mic hazard can be over- or under-estimated by neglecting diffusion of pore pressure and

575 deformation of the formation in the vertical direction. The confinement of pore-pressure

576 diffusion in the 2-D reservoir tends to overestimate the rate of potential earthquakes along

577 the conductive fault. The poroelastic stressing associated with upper and lower units in

578 3-D model induces the instability of the sealing fault, potentially inducing earthquakes

579 even without direct diffusion, which cannot be accounted for by 2-D modeling approach.

580 Given the seismic hazards posed by fluid injection, therefore, the 3-D modeling of

581 multiple fault systems including poroelastic coupling is required to develop proper re-

582 sponses and optimal injection practices to mitigate the uncertainty and risk of induced

583 seismicity along the pre-existing faults associated with energy exploration or underground

584 storage of fluids.

585 ACKNOWLEDGMENTS

586 The authors thank the reviewers and Editor Yehuda Ben-Zion for helpful comments.

587 This work was supported by the Laboratory Directed Research and Development pro-

588 gram at Sandia National Laboratories. Sandia National Laboratories is a multimission

589 laboratory managed and operated by National Technology and Engineering Solutions

590 of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S.

591 Department of Energys National Nuclear Security Administration under contract DE-

592 NA-0003525. This paper describes objective technical results and analysis. Any subjec-

593 tive views or opinions that might be expressed in the paper do not necessarily represent

594 the views of the U.S. Department of Energy or the United States Government. No data

595 was used in producing this manuscript.

—20—



Confidential manuscript submitted to J. Geophys. Res. Solid Earth

(km)
0.225
0.025

0

Domain: Skrn 
(W) x Sk

4 1/20,'„) 0 •

0/. 0/-oo. A

PrP
.1,

Of CO C
0? °//
4?f, • 6)Ce

/ic <ro

c.od
uct\le)

FalAt ond'cle
sea\‘`' V̀vc 6̀.°\1e)tt 3 col",

(a)

(0x1.225krn (H)

( b )

596 Figure 1. Schematic description of models in 3-D coordinate. Three vertical faults are mod-

597 eled in a three-layer system: two conductive faults (Fault 1 and 3) and a sealing fault (Fault 2)

598 for the reference model. Higher permeability is assigned on Fault 2 for the sensitivity test (refer

599 to Section 4.2). Fluids are injected between Fault 1 and Fault 2 at a constant rate of 0.02 kg/s/m

600 for 30 days.
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601 Figure 2. Spatial distributions of (a) pore pressure (Ap), (b) poroelastic stress (Ars + fAcr„),

602 and (c) Coulomb stress (AT) at the end of injection (t = 30 days). Positive and negative changes

603 are shown in red and blue, respectively. A contour line of 2 x 104 Pa is shown in each plot to clar-

604 ify the spatial distribution of pore pressure and stresses.
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605 Figure 3. 3-D simulation results along each fault from top of the reservoir to the depth of

606 -0.4 km in the coupled system. Temporal evolution of perturbations in (a—c) pore pressure (Ap),

607 (d—f) poroelastic stress (Ars f Au„), (g—i) Coulomb stress (AT), and (h-1) seismicity rate (R)

608 is shown in the time-space domain (time in x-axis and depth in y-axis). Note that the same color

609 scale is applied to f Op, Ars f Ao-n, as shown in (a—i), and AT. A vertical dash line at t = 30

610 days represents the end of injection.
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611 Figure 4. Schematics of poroelastic coupling mechanisms induced by fluid injection. Open

612 arrows indicate lateral strains developed in the formation. The blue region represents the pres-

613 surized zone due to direct diffusion of pore pressure. Pore-pressure buildup generates compression

614 within the pressurized zone as well as near the distant conductive fault, but causes extension

615 nearby the pressurized zone due to the poroelastic response to fluid injection. Within the seal-

616 ing fault, poroelastic stressing is determined by the pressurization of the bounding formation:

617 compression at the upper portion bounded by strongly pressurized reservoir in a lateral direction

618 while extension at the lower portion bounded by the basement rock.
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619 Figure 5. 3-D simulation results along each fault from top of the reservoir to the depth of

620 -0.4 km in the uncoupled system. Temporal evolution of perturbations in (a—c) Coulomb stress

621 (AT = f Ap in the uncoupled system) and (d—f) seismicity rate (R) is shown in the time-space

622 domain (time in x-axis and depth in y-axis). A vertical dash line at t = 30 days represents the

623 end of injection.
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624 Figure 6. 3-D simulation results along each fault from top of the reservoir to the depth of

625 -0.4 km. Larger permeability (1x10-15 m2) is assigned to the Fault 2 to look into the fault

626 permeability effect on injection-induced seismicity along each fault, which allows quantitative

627 comparison to the result from the reference model where the Fault 2 is sealing (Figure 3). The

628 plot format remains the same to Figure 3.
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629 Figure 7. Comparison of 3-D simulation results at the interface between the reservoir and

630 basement: top row for the sealing Fault 2 (reference case) and bottom row for the conductive

631 Fault 2 (refer to Figures 3 and 6 for vertical distributions with time). The location of injection is

632 indicated by a yellow star point.
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633 Figure 8. Schematic description of models in 2-D coordinate. The 2-D model represents the

634 horizontal interface between the reservoir and basement. Data are extracted from star points for

635 the comparative study of 2-D and 3-D models.
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636 Figure 9. Comparison of 2-D and 3-D simulation results (point data over time). Temporal

637 evolution of (a—c) pore pressure (4), (d—f) poroelastic stress (Ars + fAa.„), (g—i) Coulomb stress

638 (AT), (j-1), Coulomb stressing rate (i-) (m—o) logarithmic seismicity rate (log10R). Each row has

639 the same scale of y-axis except (j-1) (the same scale is applied to (k-1), not (j)). A vertical dash

640 line at t = 30 days represents the end of injection.

—29—



Confidential manuscript submitted to J. Geophys. Res. Solid Earth

641 Table 1. Summary of Model Properties

Model properties Mudrok Reservoir Basement Fault Fluid

k* (m2) 1x10-19 lx 10-14 2 x 10-17 1 x 10-12/1 x 10-21

0 (-) 0.1 0.25 0.05 0.02

G (GPa) 11.5 7.6 25 6

P (-) 0.3 0.2 0.2 0.2

mit (-) 0.35 0.25 0.25 0.33

B (-) 0.8 0.62 0.85 0.62

f (-) - - - 0.6

p (kg/m3) 2600 2500 2740 2500 1000

nt (Pa.$) - - - - 0.4x10-3

* End-member fault permeabilities for conductive and sealing fault. For the reference

model, Fault 1 and 3 are conductive while Fault 2 is sealing for the reference model. Per-

meability of Fault 2 is enhanced (kf2 = 1 x 10-15 m2) for the sensitivity test.

t Brine viscosity ranges 0.4x10-3(±0.05 x 10-3) [Hornbach et al., 2016].
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642 Table 2. Estimate of the maximum earthquake magnitude

Governing

parameter

Seismic moment

relation

Seismic moment (M0, N.m)

Maximum magnitude (M W ,rnax 1 -)*

Overall formation Fault 1 Fault 2 Fault 3

1.08x1012
Eqn. (6)t

AV 1.99

1.66x1012
Eqn. (7)1

2.11

a Eqn. (9)
1.78x1011 1.20x1011 1.04x1011

1.47 1.35 1.31

* The upper bound to the earthquake magnitude (Mw,max) is computed by the moment-

magnitude relation (10) with three different approaches of Mo estimate.

t Refer to McGarr [2014].

$ Including the poroelastic coupling effect.
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643 Table 3. Summary of the poroelastic coupling effects depending on the fault permeability

Fault permeability
Coupled system, AT = (AT s + f AO- ri) + f AP

f AP ATs + fAp

Highly conductive

Moderately conductive

Sealing*

(+)

(+) at the upper zone

(—), but negligible

(—) along the whole zone

(—) near the reservoir

(+) outside the pressurized zone

(—) within the reservoir

(+) within the basement

At the lower zone

At th upper zone

At the uppermost

bounded by the basement

Uncoupled system, AT = fAp

f AP Ars + f AP

Conductive

Sealing*

(+)

(+), but negligible

None

None

At the uppermost

Almost no seismicity

* If the sealing fault has lower permeability than one used in this study, almost no

changes in fAp is expected.
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644 A: Appendix A

645 The Biot formulation of the constitutive equations for a fluid-filled porous mate-

646 rial is based on the assumptions of linearity between the stress and the strain, and the

647 elastic reversibility of the deformation process. Assuming that pore space is fully sat-

648 urated with fluid, the change in pore volume is equal to the variation of fluid volume trapped

649 in the pore volume.

650 The first constitutive equation for the strain-stress relation can be expressed by se-

651 lecting pore pressure (p) as the coupling term:

652 2Geii = azj v v akk(523 +  v 

(1 — 2v)oz 
PUZ3 

(A.1)

653 where the subscripts i, j =1, 2, and 3 corresponding to the coordinate axes x, y, and z

654 respectively. Using the volumetric strain (e) as the coupling term yields the second con-

655 stitutive equation for the pore fluid as follows:

656 p = 
BK ,u 

(( — cy€) = (( — ae) , (A.2)

657 where (-) is the variation of fluid volume per unit volume of porous material, Ku (Pa)

658 is the bulk modulus for undrained conditions (C = 0), and the inverse of the constrained

659 specific storage (S-1, Pa) is the Biot's modulus to characterize the fluid increment in

660 the porous medium as poroelastic response to fluid injection, given by

661

E=0

(A.3)

662 Constraining the control volume to be constant (e = 0) simplifies the pore pressure change

663 in terms of the net injected fluid volume (AV):

1 AV
664 

AP V 

(A.4)

665 The increase in pore pressure on average is assumed to be sufficient to induce earthquakes

666 and the magnitude-frequency distribution can be described by the G-R relation. Follow-

667 ing the same procedure done by McGarr [2014] the upper limit of seismic moment can

668 be written as the equation (7).
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