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Abstract 22 

The 2017 Mw 5.5 Pohang earthquake in South Korea, the first reported and largest-magnitude  23 

induced earthquake, occurred near the enhanced geothermal power plant in Pohang on 15 24 

November 2017. We compute the spatiotemporal changes in poroelastic stresses perturbed by 25 

injected fluid under various conditions to better understand the occurrences of the Pohang 26 

earthquake and the small-magnitude earthquakes preceding it. Space-time variation of the 27 

earthquakes that occurred before the Pohang earthquake correlates significantly with fluid 28 

injection history between January 2016 and September 2017. We attribute the timing in 29 

earthquake occurrence to slow fluid diffusion, making hydraulic diffusivity of bedrock the 30 

critical model parameter for representing this slow process. In this context, the delay between the 31 

injection and the Pohang earthquake requires diffusivity estimates within a range of 1 × 10-4–5 × 32 

10-4 m2/s for damaged granodiorite at 4–5 km, corresponding to the depth range between the well 33 

and the focal depth. According to these estimates, the pore pressure, and thus the Coulomb 34 

failure stress changes, are further enhanced by each injection with minimum stress dissipation. 35 

We find fluid injection can result in a change of the Coulomb stress of up to 0.4–1.1 bar, 36 

exceeding those associated with the 2016 Mw 5.5 Gyeongju earthquake by two orders of 37 

magnitude.  38 

39 
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1 Introduction 40 

The first enhanced geothermal system (EGS) project was initiated in late 2010 in Pohang, South 41 

Korea (Park et al., 2017), where the highest geothermal gradient and heat flow are observed 42 

(Figure 1; Kim and Lee, 2007; Lee et al., 2010). Injection wells (denoted by PX-1 and PX-2) 43 

were drilled to depths of 4,362 and 4,341 m, respectively, and the first high-pressure hydraulic 44 

stimulation began on 29 January 2016 (Park et al., 2017; Hofmann et al., 2019). Before the last 45 

fluid injection on 18 September 2017, an earthquake occurred on 15 April 2017 at or near the 46 

EGS site with a moment magnitude, Mw, of 3.2 (Kim et al., 2018; Korean Government 47 

Commission, 2019 (KGC, 2019, hereafter); Woo et al., 2019). Seven months later on 15 48 

November 2017, the Mw 5.5 earthquake occurred in close proximity to the well locations 49 

(Grigoli et al., 2018; Kim et al., 2018; Ellsworth et al., 2019; KGC, 2019; Woo et al., 2019), and 50 

it was the second-largest and the most destructive event on record since seismic instrumental 51 

monitoring began in South Korea in 1905 (Lee et al., 2003). Prior to the injection, a mud loss 52 

event to the amount of 650 m3 occurred during drilling in October–November 2015 (KGC, 53 

2019). KGC (2019) identified two clusters of seismicity associated with fluid injection at PX-1 54 

and PX-2, and further suggested that the Pohang earthquake intiated in an area that was 55 

perturbed by the injection at PX-2. Because the focal depth is estimated to be relatively shallow, 56 

at about 4–5 km (Grigoli et al., 2018; Kim et al., 2018; KGC, 2019; Woo et al., 2019), synthetic 57 

aperture radar interferometry (InSAR) constrains the static slip model (Song and Lee, 2019), 58 

showing a major slip northeast of the hypocenter.   59 

The space-time variation of seismicity prior to the Mw 5.5 earthquake is well correlated 60 

with the history of stimulation activities involving fluid injection and flowback (Kim et al., 61 

2018). The proximity of the focal depth to the well tip and the temporal correlation between 62 
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seismicity and hydraulic stimulation support the idea that geothermal plant activities may have 63 

caused the Mw 5.5 Pohang earthquake (Grigoli et al., 2018; Kim et al., 2018; Ellsworth et al., 64 

2019; KGC, 2019; Woo et al., 2019), making it the largest induced earthquake on record at an 65 

EGS site. Herein, the term ‘induced’ is used to include earthquakes triggered by anthropogenic 66 

causes that release tectonic stress, as well as earthquakes that release the stresses created by 67 

industrial activities (Doglioni, 2018; Ellsworth, 2013). In regions where the crust is critically 68 

stressed (e.g., Hong et al., 2018), small changes in stress can trigger fault slip, causing 69 

earthquakes (Reasenberg and Simpson, 1992; Stein, 1999).  70 

It remains unclear how the injected fluid from the Pohang EGS activities affected the 71 

stress state at depth and induced the earthquake that occurred about 2 months after the last 72 

stimulation activity, on 18 September 2017 (Figure 2; Kim et al., 2018). KGC (2019) conducted 73 

a comprehensive study to investigate the cause of the Pohang earthquake, utilizing datasets from 74 

seismology, hydrogeology, geomechanics/structural geology, and geophysical exploration. A 75 

condensed version of this work by KGC (2019) is presented in Ellsworth et al. (2019). In 76 

particular, KGC (2019) provided locations for earthquakes that occurred near the EGS site 77 

during the period between the start of the EGS activities and the mainshock, which we refer to as 78 

‘previous earthquakes’. KGC (2019) also provided hydraulic models for limited cases using the 79 

hydraulic diffusivities (D) of the fault core and fault damage zone and suggested that an 80 

increases in fluid pressure of ~0.7 bar was probably present when the Pohang earthquake 81 

occurred on 15 November 2017.  82 

In this study, we perform poroelastic modeling to calculate the injection-related pore 83 

pressure and stress perturbations within the framework of linear poroelasticity (e.g., Biot, 1941), 84 

but consider a wide range of D in the modeling to assess uncertainties in the medium properties. 85 
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While both hydraulic and poroelastic analyses predict pore pressure changes, the poroelastic 86 

modeling can selfconsistently predict changes in elastic stress due to fluid injection. Under low 87 

diffusivity, the elastic stress change could be a dominant triggering mechanism (e.g., Deng et al., 88 

2016). Furthermore, although high D is observed within a localized zone (<~100 m) near the 89 

well during high-pressure stimulation (Yoo, 2018), if the fault associated with the mainshock is 90 

located beyond the nearwell fractured zone (e.g., Ellsworth et al., 2019; KGC, 2019), the 91 

hydraulic property of bedrock at the basement, likely to be low (e.g., Mizoguchi et al., 2008; 92 

Morrow et al., 1994), will play a critical role in affecting the pore pressure change due to the 93 

injection. 94 

 Considering the history of stimulation activities and geological setting at the Pohang 95 

EGS site (Kim et al., 2018; Lee et al., 2015), we investigate the dependence of stress change with 96 

respect to D, and compare the relocated seismicity with the spatiotemporal evolution of Coulomb 97 

stress change. In this study, we determine the locations of the Mw 5.5 Pohang earthquake and 98 

311 smaller earthquakes at or near the EGS site, including 11 previous earthquakes and 302 99 

aftershocks that occurred between December 2016 and February 2018. We take a probabilistic 100 

approach in determining these earthquake locations and tightly link the stress change to the 101 

earthquake’s location. 102 

 103 

2. Poroelastic modeling 104 

2.1 Poroelastic constitutive equations 105 

Biot’s poroelastic equation (1941) describes the equilibrium condition for the solid matrix and 106 

pore fluid pressure in a poroelastic medium that shows fluid-matrix coupling. The medium is 107 
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assumed to be isotropic and fluid-saturated. The governing equations are given as follows 108 

(Detournay and Cheng, 1993; Wang and Kümpel, 2003): 109 

G∇2u+
2G

1-2ν
∇ϵ-α∇p=f(x,t),       (1) 110 

and 111 

M-1
∂p

∂t
+α

∂ϵ

∂t
-∇∙ (

κ

η
∇p) =Q(x,t),        (2) 112 

where 𝐮 is the displacement vector, ϵ is the volumetric strain (i.e., ∇∙u), p is the pore pressure, κ 113 

is the matrix permeability, η is the dynamic viscosity of the fluid, and 𝐟 is the body force per unit 114 

volume. Q(x,t) is described by q(t)δ(x-xs) for a single point source, where q(t) is the injection 115 

rate, xs is the location of the injection well, and δ(∙) is the Dirac delta function. The poroelastic 116 

medium is characterized by the independent parameters G, ν, M, α, and D, where G is the shear 117 

modulus, ν is Poisson's ratio under drained conditions, M is the Biot modulus (compressibility 118 

introduced by Biot (1941)), and α is a dimensionless coefficient of effective stress (Biot, 1941). 119 

The permeability κ is related to D by 120 

κ

η
= 

9

2

(1-νu)(νu-ν)D

(1-ν)(1+νu)2GB2
,            (3) 121 

where B is Skempton’s coefficient. M-1 is expressed as 122 

M-1=
9

2

(1-2νu)(νu-ν)

(1-2ν)(1+νu)2GB2
,          (4) 123 

where νu= [3ν+αB(1-2ν)] [3-αB(1-2ν)]⁄  is Poisson’s ratio under the undrained condition.  124 

For calculating the poroelastic stress and pore pressure changes with given injection rate, 125 
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we use the poel softwafe (https://www.gfz-potsdam.de/en/section/physics-of-earthquakes-and-126 

volcanoes/data-products-services/downloads-software; last accessed on 21 June 2017), which is 127 

based on an extension of the Thomson–Haskell propagator method (Wang and Kümpel, 2003). 128 

We consider the real-time injection histories at PX-1 and PX-2 (Figures 2b and c) and calculate 129 

stress and pore pressure changes in cylindrical coordinates system, where the axis of symmetry is 130 

defined perpendicular to the fault. We apply no free-surface condition in the calculation as any 131 

effect due to a free surface is minimal when the point of interest is close to the wells and away 132 

from the free surface (Wang and Kümpel, 2003). The stress tensors from PX-1 and PX-2 are 133 

rotated to a specific fault orientation, and the total stress perturbation is obtained by the principle 134 

of superposition, taking advantage of the linearity of poroelastic theory. 135 

 136 

2.2 Poroelastic parameters 137 

All poroelastic parameters used in the modeling except for D (G, B, ν, α, and η) are summarized 138 

in Table 1. Their ranges represent granite or crustal rock in a confining pressure and temperure at 139 

a depth of 4 km (Table 1). The values of G, B, ν, α, and η are fixed because their ranges are 140 

narrow relatively to D.  We also append rationale for selecting the values in Table 1. 141 

D represents the ratio between the rock’s ability to store and transport fluids in the 142 

poroelastic medium. For fixed poroelastic parameters (G, B, ν, α, and η) other than D itself in 143 

Table 1, D can be converted to κ and vice versa using Equation (3). Figure S1 shows the linear 144 

relationship between D and κ. However, selection of values of D for modeling is not trivial. For 145 

example, D of the fractured granite of the Nojima fault zone in Japan (8 m2/s; κ = 10-14 m2) is 146 

much higher than that of the fault-wall rocks (8 × 10-6 m2/s; κ = 10-20 m2), while the fault gouge 147 
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can have very low D (8 × 10-6 m2/s; κ = 10-20 m2) at the effective confining pressure (Pe) of 0.9 148 

kbar (Mizoguchi et al., 2008). For comparison, the measured κ of the intact granodiorite gneiss 149 

samples from the Kola well in Russia is 4–7 × 10-21 m2 (D = 3–6 × 10-6 m2/s) at Pe = 1 kbar 150 

(Morrow et al., 1994).  151 

For the Pohang earthquake, Ellsworth et al. (2019) and KGC (2019) used D = 10-2 m2/s 152 

for bedrock, 10-6 m2/s for fault core and 10-1 m2/s for the fault damage zone in their pore pressure 153 

diffusion modeling. Yoo (2018) calculated the stress-dependent permeability, which reaches 10-
154 

15 m2 at a radial distance of 15 m (1 m2/s) from PX-2, using the densely sampled wellhead 155 

pressure and injection rate data during 29–30 January 2016. Also, calculated permeability is 2–5 156 

× 10-14 m2 at 22.5 m (16–40 m2/s) from PX-1 for 15–16 December 2016 (Yoo, 2018). This value 157 

of D specifically represents the fluid diffusion properties in a spatially localized region near the 158 

well (<~100 m), which must have been transient for 2–3 days. We thus set this value of D as the 159 

upper bound in our modeling. Considering previously determined estimates of D for the Pohang 160 

EGS and other fault-zones, we explore wide ranges of this variable (10-7–103 m2/s) for the 161 

bedrock (Dbed) and fault damage zone (Ddmz) in our modeling and compute stress changes with 162 

approximately uniform intervals (e.g.,  D = 1 × 10-7, 2 × 10-7, 5 × 10-7, 1×10-6 m2/s, and so on). 163 

Although we do not search for a range of D for the fault core (i.e., fault gouge), Dcore, we discuss 164 

the effects of an impermeable fault gouge on the changes in the stresses and pore pressure in 165 

Section 4.5.  166 

 167 

2.3 Well geometry and fluid injection history 168 

PX-1 and PX-2 are 6 m apart on the surface, but PX-1 is tilted westward (azimuth of 289°), away 169 
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from the vertical PX-2; at their bottoms, they are 616 m apart laterally (Hofmann et al., 2019). 170 

The openhole sections, along which fluid is injected into or extracted from rock, of PX-1 and 171 

PX-2 are at 4,049–4,362 m and 4,208–4,348 m depth, respectively (Hofmann et al., 2019). The 172 

locations of vertical PX-2 and the surface-projected location of the openhole section of tilted PX-173 

1 are shown in Figure 3. Geometries of the openhole sections in fault-plane and fault-normal 174 

views are presented in Figure 4. Injections are simplified as point sources at the mid-point of the 175 

relevant openhole section (Figure 4, white circle).    176 

Fluid injection and flowback records from between 29 January 2016 and 18 September 177 

2017 are presented in Figure 2 (Kim et al., 2018; KGC, 2019). The injection phases are grouped 178 

into five events dated to January–February 2016 (hereafter, JF16), December 2016 (D16), 179 

March–April 2017 (MA17), August 2017 (A17) and September 2017 (S17). The injection events 180 

JF16, D16, MA17, A17, and S17 were performed at PX-2, PX-1, PX-2, PX-1, and PX-2, 181 

respectively (Figure 2; Kim et al., 2018; KGC, 2019).  182 

 183 

2.4 Coulomb failure stress change 184 

A failure occurs on a fault when the shear stress (τ) exceeds the maximum frictional strength that 185 

is determined by a frictional coefficient (μ), normal stress (σn), and p. τ is resolved on the 186 

fault surface geometry, defined by the strike, dip, and rake, from the known stress field, whereas 187 

σn is defined only by the strike and dip. p is independent of fault geometry. τ is positive in the 188 

rake direction, and σn is positive for tension. The Coulomb failure stress (CFS) is defined as 189 

CFS=τ+μ(σn+p) (e.g., King et al., 1994; Stein, 1999). We consider that failure on a fault is 190 

promoted (or inhibited) due to changes in the CFS, or ΔCFS, which is defined as 191 
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ΔCFS=Δτ+μ(Δσn+Δp) .           (5) 192 

The fault is brought closer to failure when ΔCFS is positive, and vice versa. The increases in Δτ, 193 

Δp, and Δσn increase the likelihood that the fault will slip toward the assumed slip direction. For 194 

most rocks, the frictional coefficient (μ) ranges between 0.6 and 0.85 (Byerlee, 1978) (Table 1). 195 

In this study, we use μ of 0.6 (Table 1), which is close to the coefficient of 0.53 in the 196 

granodiorite sample retrieved from the well PX-2 at a depth of 4.2 km (Kwon et al., 2018). 197 

To compute ΔCFS, the stress tensor obtained from Equations (1) and (2) is projected onto the 198 

fault plane to obtain Δσn and Δτ along the slip direction. The fault defined by the strike, dip and 199 

rake is referred to as a ‘receiver fault’ (e.g., Woessner et al., 2012), which can be of fixed 200 

geometry or arbitrarily oriented along the fault plane that is most susceptible to failure (the 201 

‘optimal fault orientation’) in the modeling domain. We use the fault geometry constrained by 202 

the distribution of the Pohang earthquake and previous earthquakes before the mainshock (strike 203 

of 214° and dip of 43°; Woo et al., 2019) as our receiver fault. Rake is chosen as 128° from the 204 

mainshock focal mechanism (KGC, 2019; Woo et al., 2019). 205 

 206 

3. Earthquake location 207 

The Pohang earthquake was recorded by a permanent seismic network in South Korea, two 208 

strong-motion sensors at the EGS site (Grigoli et al., 2018), and a temporary array (Kim et al., 209 

2018), consisting of a total of 68 seismometers near/at the EGS (Figures 1 and S2). In the 210 

aftermath of the Pohang earthquake, several temporary seismic arrays were deployed close to the 211 

site to monitor aftershocks (Figures 1 and S2). Since earthquake locations are critical for 212 
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evaluating poroelastic stress changes, we relocate the Pohang earthquake, its aftershocks, and 213 

previous earthquakes using available network data. We then assess our estimates by comparing 214 

with estimates from previous studies based on different location methods and datasets. See 215 

Appendix A for details of how to obtain the obtaining probability density functions (pdfs) of the 216 

hypocenters. See Table S1 for our hypocenter locations and uncertainties. 217 

3.1 Pohang earthquake location 218 

Figures 3a and b show the epicentral pdfs (i.e., marginal pdfs) of the earthquakes. In particular, 219 

the median of the epicentral pdf for the Pohang earthquake is indicated as a star with an iso-220 

contour line (95% of the pdfs). The 95% iso-contour of the Pohang earthquake has a radius of, at 221 

most, 1 km that encompasses the locations of both wells. Furthermore, the iso-contour 222 

encompasses the previous estimate of its hypocenter (Ellsworth et al., 2019; KGC, 2019; Woo et 223 

al., 2019). The observed difference in epicenters between the previous estimate and ours (median 224 

of pdf) is ~200–1000 m, which is inevitable considering that different datasets have been utilized 225 

in relocation.  226 

The pdf of the focal depth for the Pohang earthquake is 5.0 ± 0.8 (2σ) km, ranging from 227 

~4 to 6 km (Figure 3c). The previous estimates of 4.27 km (KGC, 2019) and 6.2 km (Hong et al., 228 

2018) are within our determined range, which corresponds to the depth range of granodiorite 229 

basement (Lee et al., 2015). 230 

 231 

3.2 Relocated hypocenters of previous earthquakes, foreshocks and aftershocks 232 

The median of the epicentral pdf for each of the previous earthquakes (Mw 2.1 earthquake on 22 233 
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December 2016, Mw 2.3 on 29 December 2016, and Mw 3.2 on 15 April 2017; Figure 2a; 234 

magnitude information taken from KGC, 2019) is indicated as a circle with an iso-contour line 235 

(95% of the pdf; Figure 3a). Among the detected earthquakes by Kim et al. (2018) and KGC 236 

(2019; Figure 2a), these three events each have a value of Mw exceeding 2.1. The locations of 237 

these previous earthquakes involve large uncertainty and are far from the well positions (Figure 238 

3a) since data from the networks PH, K18, G18 and KG (temp) are unavailable (Figure 1). The 239 

depths of the Mw 3.2, Mw 2.2 and Mw 2.3 earthquakes are 5.9 ± 5.5 km, 2.3 ± 2.3 km and 1.5 ± 240 

0.8 km, respectively.  241 

The hypocenters of seven foreshocks with a magnitude less than 2.2 (which occurred 242 

from 14 November 2017, 20:04 to 15 November 2017, 05:23) are relatively well determined 243 

compared to those of previous earthquakes because of the stations K18 (Figures 1 and 3a; Table 244 

S1). Most of the foreshocks (six out of seven) are located near the wells and they are confined to 245 

a depth range of 4.0–4.9 km.  246 

As the aftershock monitoring arrays such as KG and PH become available, the aftershock 247 

locations involve smaller uncertainty than that of previous earthquakes and the Pohang 248 

earthquake by a factor of 7 or better (Figure 3). The epicentral pdfs of five large aftershocks (ML 249 

3.5–4.3) are also located within 1–2 km of both the Pohang earthquake and the wells (Figure 3b). 250 

Relocated aftershocks extend farther to the northeast and southwest of the injection well 251 

locations (Figure 3b), consistent with the slip distribution imaged by InSAR data (Song and Lee, 252 

2019) . The aftershocks are distributed within a depth range of 1.2–6.8 km, and peaked in a depth 253 

range between the well tip and the depth of the Pohang earthquake (4.2–4.8 km; Figure 3c). The 254 

majority of the aftershocks (86%) are concentrated in the granodiorite basement (Figure 3c; Lee 255 

et al., 2015).  256 
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 257 

4. Poroelastic modeling against hydraulic diffusivity  258 

The stress perturbation due to fluid injection highlights how the poroelastic response of the 259 

media may potentially cause the Pohang earthquake and previous ones between January 2016 260 

and 15 November 2017. As described in Section 2, we explore a wide range (10-7 to 103 m2/s) of 261 

values for the both Dbed and Ddmz with fixed poroelastic parameters (ν, νu, B, α, G, and η) and μ. 262 

We sample stress changes and Δp at the projected location of the mainshock hypocenter (KGC, 263 

2019; Woo et al., 2019) onto the fault plane (Figure 4b, yellow star).  264 

 265 

4.1 Poroelastic stresse changes of four representative models: Example 266 

Figure 5 illustrates the temporal evolution of the stresses and pore pressure changes (ΔCFS, Δσn, 267 

Δτ and Δp) for various Dbed and Ddmz during the fluid injection and flowback history (Figure 2). 268 

We examine the first-order trends of ΔCFS, Δσn, Δτ and Δp by applying a Gaussian lowpass 269 

filter with a standard deviation of 2 months (Figure 5, colored lines). The filter removes sharp 270 

peaks or steps in the stress change curves which can be associated with the injection and 271 

flowback practices (Figure 5, grey lines). For the four cases, the filtered stress chang curves 272 

clearly show different amplitudes and gradients at the time of the Pohang earthquake, 273 

highlighting the importance of Dbed and Ddmz in the earthquake occurrence (Figure 5). 274 

Figures 5a and b demonstrate cases in which the amplitude of ΔCFS attains a high value 275 

on 15 November 2017. ΔCFS, Δσn, Δτ and Δp shown in Figure 5a are computed for a 276 

homogeneous model (i.e., Dbed = Ddmz = 5 × 10-4 m2/s), and those in Figure 5b are for a model 277 
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involving a fault structure (Dbed = 5 × 10-4 m2/s; Ddmz = 1 × 10-2 m2/s). When D is homogeneous 278 

and low (i.e. Dbed = Ddmz = 5 × 10-4 m2/s), the overall trend of ΔCFS closely follows the trend of 279 

Δp, which increases substantially after injection D16  (Figure 5a). Because of the low D values, 280 

the time intervals between subsequent injection events are too short for the stresse changes built 281 

up by previous injection events to fully dissipate. The value of ΔCFS is 2.1 bar on 15 November 282 

2017 (Figure 5a).   283 

In the case of a permeable fault damage zone (Ddmz = 10-2 m2/s), we obtain a temporal 284 

history of the ΔCFS amplitude similar to that obtained for the homogeneous model (Figure 5a), 285 

but with slightly reduced magnitude (Figure 5b). The amplitudes of both Δp and Δσ decrease 286 

because of fast diffusion within the fault damage zone. As a result, Δτ contributes to ΔCFS to a 287 

greater degree. We observe a trend for increasing Δτ close to the time of the mainshock whereas 288 

Δp shows a slightly decreasing trend (Figure 5b). The value of ΔCFS is 1.3 bar on 15 November 289 

2017 (Figure 5b).  290 

Notably, in Figures 5a and b, we observe that the level of ΔCFS drops and then rises, 291 

with a large negative peak in January–February 2017; this feature stems from the practice of 292 

alternating injection at PX-1 and PX-2. Figure 6 shows the temporal changes in ΔCFS caused by 293 

each well computed using the same values of D as Figure 5b. Figure 6 clearly shows that the 294 

drop in ΔCFS in January–February 2017 is closely associated with the injection D16 at PX-1 295 

when the largest volume of fluid is injected (Figure 2).  296 

Δτ shows an increasing trend at injection MA17 (Figures 5a and b). Generally, Δτ 297 

decreases with injection at PX-1 (i.e., D16 and A17; Figure 2), and increases with injection at 298 

PX-2 (JF16, MA17 and S17; Figure 2). These opposite responses in PX-1 and PX-2 are observed 299 
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more clearly in unfiltered Δτ (Figure S5). Figure S5 shows unfiltered ΔCFS, Δσn, Δτ and Δp for 300 

individual well and both wells. Figures S5b and c show ΔCFS, Δσn, Δτ and Δp involving the 301 

injection practice at PX-1 or PX-2 with same Dbed and Ddmz of Figure 5a. Similarly, Figures S5e 302 

and f show ΔCFS, Δσn, Δτ and Δp of Figure 5b. In December 2016 and early August 2017, Δτ is 303 

decreased sharply by injections at PX-1 (D16 and A17; Figures S5b and e). In late August 2017, 304 

flowback following injection A17 rapidly increases Δτ by a similar amount of the ealier decrease 305 

(Figures S5b and e). All injections at PX-2 increase Δτ in January–February 2016, March–April 306 

2017 and September 2017 (Figures S5c and f). Because the distance between the stress sampling 307 

point and PX-2 is larger than that with PX-1 (Figure 4), observed changes in Δτ of PX-2 in 308 

response to all injections (Figures S5c and f) are smaller than those of PX-1 (Figures S5b and e).  309 

Also, we can see that filtered ΔCFS in the period after the negative peak (from May 2017 310 

to February 2018) is larger than in the period January–August 2016 (Figures 5a and b). This 311 

suggests that, for the mainshock occurrence on 15 November 2017, ΔCFS should be its largest 312 

during the period from the beginning of injection (29 January 2016) to that day. This could be a 313 

key condition for constraining D and reconciling it with the timing of the mainshock, which is 314 

delayed by ~2 years after the first injection in January 2016 and 58 days after the last injection in 315 

September 2017. This feature was not captured by previous studies based on hydraulic diffusion 316 

modeling (Ellsworth et al., 2019; KGC, 2019).  317 

On the other hand, Figure 5c shows a case in which Ddmz (= 10 m2/s) is much higher than 318 

Dbed, and higher than the value used in Figure 5b by a factor of 3. For this case, the diffusion 319 

speed within the fault damage zone is too fast to cause ΔCFS to have its largest amplitude on 15 320 

November 2017. ΔCFS on 15 November 2017 is 0.24 bar, less than the local peak amplitude in 321 

May 2016 (0.25 bar; Figure 5c).  322 
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The last example is a case involving extremly low Dbed (= 1 × 10-6 m2/s) with a permeable 323 

fault damage zone (Ddmz = 1 × 10-2 m2/s; Figure 5d). The most prominent feature in this case is 324 

that Δp is nearly zero in the entire period considered, because the characteristic time from the 325 

wells to the sampling point is very long. Only Δτ changes significantly and thus affects ΔCFS . 326 

Although ΔCFS is increasing on 15 November 2017, the amplitude of ΔCFS is still smaller than 327 

in the period January–August 2016. In short, ΔCFS does not reach its maximum value at the time 328 

of the mainshock if the fault damage zone becomes more permeable (Ddmz = 1 × 101 m2/s; Figure 329 

5c), or if the bedrock extremely impermeable (Dbed = 1 × 10-6 m2/s; Figure 5d).  330 

 331 

 4.2 Search for possible ranges of D for Pohang earthquake occurrence 332 

By examining the temporal evolution of stress changes depending on representative D-333 

values (Figure 5), we can determine possible ranges of Dbed and Ddmz to reconcile the delay 334 

between the timing of the Pohang earthquake and the peak stress change induced by the injection. 335 

As described in Section 4.1, we use examples highlighted in Figure 5 as a guide to search for 336 

ranges of Dbed and Ddmz that are critical to induce the Pohang earthquake. Specifically, the range 337 

of Dbed and Ddmz can be defined if the amplitude of ΔCFS on the day of the mainshock (15 338 

November 2017) is the largest from the beginning of the injection (29 January 2016) to that day.   339 

Figure 7 illustrates a classification of the models consisting of the ranges of Dbed and Ddmz 340 

(10-7–103 m2/s). Pairs of values lying on the diagonoal line shown represent homogenous model. 341 

The zone above that diagonal line represents models with more permeable fault damage zone 342 

than the bedrock (i.e., Dbed < Ddmz), whereas the zone below represents those with more 343 

impermeable fault damage zone than the bedrock (i.e., Dbed > Ddmz). The thickness of the fault 344 
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damage zone is fixed as 85 m, following the value of Ellsworth et al. (2019) and KGC (2019) for 345 

the purpose of benchmarking (Figure 4b). A tradeoff between the thickness and Ddmz does not 346 

affect the temporal evolutions of ΔCFS, Δσn, Δτ and Δp when the sampling point is within the 347 

damage zone (Figure 4b).  348 

The red squares indicate pairs of values of Dbed and Ddmz that meet our ΔCFS amplitude 349 

criterion on 15 November 2017 (Figure 7). Dbed ranges 1 × 10-4–5 × 10-3 m2/s, and the Ddmz has a 350 

broad range of 5 × 10-6–1 m2/s. If we only consider the case Dbed ≤ Ddmz, the medians of Dbed and 351 

Ddmz are 5 × 10-4 m2/s and 5 × 10-3 m2/s, respectively.  352 

We obtain another values of Dbed and Ddmz based on the origin time (15 April 2017) and 353 

projected location of the hypocenter of the Mw 3.2 earthquake onto the fault (Figure 4) in order 354 

to validate the values of Dbed and Ddmz based on the mainshock (Figure S6). For this, the criterion 355 

is changed to that the amplitude of ΔCFS on the day of the Mw 3.2 earthquake (15 April 2017) is 356 

the largest from the beginning of the injection (29 January 2016) to that day. Similarly, we 357 

consider only the values when Dbed ≤ Ddmz. Figure S6 shows estimates of Dbed and Ddmz for the 358 

Mw 3.2 earthquake, and they are quite similar to the values for the Pohang earthquake shown in 359 

Figure 7. In particular, the range of Dbed in Figure S6, which is 2 × 10-4–5 × 10-3 m2/s, encloses 360 

that for the mainshock (1 × 10-4–5 × 10-3 m2/s) in Figure 7.  361 

  362 

 4.3 Stresses and pore pressure changes on the fault plane 363 

Two sets of ΔCFS, Δσn, Δτ and Δp caused by the injections at PX-1 and PX-2 are 364 

calculated on the fault plane, defined as in Figure 4. The values of Dbed and Ddmz are chosen as 5 365 
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× 10-4 m2/s and 1 × 10-2 m2/s, respectively, the same as for those in Figure 5b. ΔCFS, Δσn, Δτ and 366 

Δp as affected by injection at PX-1 (PX-2) are presented in Figures 8a–d (e–h). Figure 9a shows 367 

the sum of ΔCFS computed for the two wells (Figures 8a and e).  368 

The distributions of Δp and Δσn have spherical symmetry around the injection point on 369 

the fault plane (Figures 8c, d, g and h). For both wells, the values of Δp are positive (Figures 8c 370 

and g). Δσn by PX-2 is expected to be compressive (Figure 8h) because the last injection was 371 

performed at PX-2 (Figure 2). On the other hand, Δσn by PX-1 is positive with smaller 372 

amplitudes than by PX-2 (Figure 8d) because of the flowback following injection that occurred 373 

in August 2017 (Figure 2).  374 

 The distribution of Δτ shows two lobes with opposite polarities with an axis of symmetry 375 

along the rake of the fault (Figures 8b and f). Δτ by the injection at PX-2 is negative toward the 376 

rake (Figure 8f). On the other hand, the injection at PX-1 generates the reverse pattern, with 377 

positive polarity toward the rake, and with much smaller amplitudes than those at PX-2 (Figure 378 

8b). The flowback at PX-1 in August 2017 generates the negative polarity of Δτ toward the rake 379 

(Figure 8b).  380 

  Δp by PX-1 contributes to ΔCFS the most (Figures 8a and c). On the contrary, Δτ and 381 

Δσn contiribute most to ΔCFS in the case of the injection at PX-2 (Figures 8e–h). The degree of 382 

contribution of Δσn, Δτ and Δp on the ΔCFS depends on factors such as the injected volume of 383 

fluid, hydraulic diffusivity, distance from the well to the fault and time of injection.  384 

 385 

 4.4 Temporal evolution of ΔCFS  386 
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Figure 10 shows the variations of ΔCFS amplitude for all 21 cases (grey lines) that satisfy the 387 

ΔCFS amplitude criterion (Figure 7, red squares) and have Ddmz ≥ Dbed. With the determined 388 

values of D, all ΔCFS values are maximized on 15 November 2017 for the period from 29 389 

Januaray 2016 to that day. ΔCFS starts with 0.2 bar in January–February 2016 and reaches its 390 

maximum, at 0.3–2.2 bar, on 15 November 2017 (Figure 7). The 25th pencentile, median and 391 

75th percentile are 0.4, 0.6 and 1.1 bar, respectively, on 15 November 2017 (Figure 10, red 392 

dashed and solid lines). The range of 0.4–1.1 bar is much lower than the coseismic stress drop of 393 

~20 bar (Song and Lee, 2019), but much greater than the stress perturbations from natural 394 

sources (0.001–0.004 bar; Johnson et al., 2017).  395 

 396 

4.5 Coulomb failure stress change and hypocenters on the fault plane 397 

Figure 9a shows total ΔCFS reflecting the effects of both PX-1 and PX-2 (computed with the 398 

same values of D as Figure 5b), compared with the locations of earthquakes projected onto the 399 

fault plane. These earthquakes are associated with injection at PX-2 (KGC, 2019; Woo et al., 400 

2019), with the three largest that occurred during injection events at PX-2 (JF16, MA17 and S17) 401 

shown as colored and crossed circles (Figure 9a).  402 

ΔCFS is positive in the southwest and deeper on the fault plane, and a boundary between 403 

the positive and negative zones occurs roughly at the mid-point of the two wells (Figure 9a). The 404 

mainshock hypocenter determined by KGC (2019) is located in the positive region, southwest 405 

from PX-1 and PX-2 (Figure 9a, blue crossed circle). Hong et al. (2018) also showed that the 406 

epicenter of the mainshock is located west of the well positions (Figure 3). Overall, the 407 

earthquakes occurred most often in the region with positive Δτ (Figures 8f and 9). 408 
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We also calculate ΔCFS with an impermeable layer at the center of the fault, to reflect the 409 

possible existence of a fine-grained fault gouge (Figure 4b). The thickness and D of this core 410 

(Dcore) are 10 m and 10-6 m2/s, respectively, following the values reported by Ellsworth et al. 411 

(2019) and KGC (2019). Note that the amplitude of ΔCFS is increased for the model with the 412 

core (Figure 9b). Nevertheless, the effect of including this impermeable core in our model 413 

(Figure 9b) appears minor because the patterns of ΔCFS amplitude are rather similar between the 414 

models with and without it (Figure 9). The distributions of Δσn, Δτ and Δp for the two models are 415 

also similar with slight differences in amplitude (Figure S7).  416 

Figure 11 shows ΔCFS on the fault plane at two different times when the Mw 1.6 and 3.2 417 

earthquakes occurred on 7 February 2016 and 15 April 2017, respectively. Because the focal 418 

mechanisms of these earthquakes are similar to that of the mainshock, the receiver fault 419 

geometry is kept the same in our modeling. The strike, dip and rake of the Mw 1.6 earthquake 420 

are 208°, 58° and 156°, respectively, and those of the Mw 3.2 earthquake are 215°, 58° and 128°, 421 

respectively (KGC, 2019; Woo et al., 2019).  422 

The Mw 1.6 earthquake is located at the boundary between the positive and negative 423 

ΔCFS regions (Figure 11a). Also, the locations of the smaller earthquakes are clustered in this 424 

boundary, with some in the positive region (Figure 11a). On the other hand, the projected 425 

locations of the Mw 3.2 earthquake and smaller earthquakes correlate well with the region of 426 

positive ΔCFS amplitude (Figure 11b). The Mw 3.2 earthquake is located roughly in the mid-427 

point between the wells, close to a spot where the amplitude of ΔCFS is highest (Figure 11b). 428 

The amplitude of ΔCFS at the nearest grid point is 3.2 bar (Figure 11b). Also, at that point 429 

location, Δσn, Δτ and Δp are -2.5, 2.0 and 4.6 bar, respectively. Therefore, Δτ and Δp play a 430 

critical role in inducing the Mw 3.2 earthquake.  431 
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 432 

5. Discussion 433 

 5.1 Delay in earthquake occurrence 434 

The delayed occurrence of the Pohang earthquake, by 58 days after the last injection S17 or ~2 435 

years after the first injection JF16, is not explained by a model with high Dbed (e.g., Dbed = 10-2 436 

m2/s used in Ellsworth et al., 2019, and KGC, 2019). With Dbed = 10-2 m2/s and Ddmz = 10-2 m2/s, 437 

ΔCFS is maximized in January–April 2017 and decreasing on 15 November 2017 (Figure S3). 438 

To understand the delayed response, we suggest that low Dbed values, ranging from 1 × 10-4–5 × 439 

10-4 m2/s (if Dbed ≤ Ddmz) effectively slow the diffusion of Δp (Figure 7). A more elaborate 440 

poroelastic modeling scheme showed an increasing trend for ΔCFS at the time of the mainshock 441 

(Chang et al., 2020), similar to our study results. Our estimated range of Dbed is within the end-442 

member estimates from the numerical simulation, with high permeability range (1 × 10-15–5 × 443 

10-14 m2) or a value for D of 1–40 m2/s in a confined zone around the well position in Pohang (at 444 

most 100 m; see Figure 4.7 of Yoo (2018)) and low permeability (4–7 × 10-21 m2) or a value for 445 

D of 3–6 × 10-6 m2/s for the intact granodiorite gneiss (Morrow et al., 1994).  446 

Although our modeling is based on the classical friction model (i.e., constant static and 447 

dynamic coefficients), the rate-and-state friction model can be used to rationalize the observed 448 

two-month delay between the last injection and the Pohang earthquake. Dieterich (1994) 449 

established a concept of seismicity rate on the rate-and-state friction model. The rate-and-state 450 

friction can delay an increase in the seismicity rate compared to an earlier peak of ΔCFS 451 

(Dieterich, 1994; Segall and Lu, 2015). In particular, Segall and Lu (2015) observed that the 452 

seismicity rate can be delayed by a few days with respect to the peak of the ΔCFS. We note that 453 
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the delay due to the rate-and-state friction is sensitive to the empirical constitutive frictional 454 

parameter and the background stress state, both of which have a large uncertainty.  455 

 456 

5.2 Amplitude threshold of ΔCFS 457 

In our analysis, we show that the Pohang earthquake can occur when the amplitude of ΔCFS  458 

reaches 0.4–1.1 bar (Figure 10, 25th and 75th percentiles). Given the set-up of our model, the 459 

range of 0.4–1.1 bar is likely to be a threshold for the occurrence of this earthquake at the 460 

hypocenter where the rupture begins at the fault. This range is broadly bounded by the average 461 

stress drop of ~20 bar constrained by static slip inversion using InSAR data (Song and Lee, 462 

2019) and the stress field created by natural processes such as hydraulic surface loading (i.e., rain 463 

and snow), thermal expansion, atmospheric pressure, and tide (Johnson et al., 2017). For 464 

instance, the three most significant factors in California, USA, are the hydraulic (ΔCFS ≈ 0.015 465 

bar), atmospheric (0.004 bar), and thermoelastic sources (0.001 bar; Johnson et al., 2017). Also, 466 

our ΔCFS amplitude range is substantially higher than the static ΔCFS caused by the 2016 Mw 467 

5.5 Gyeongju earthquake (South Korea’s largest earthquake during the instrumental period; Kim 468 

et al., 2017; Grigoli et al., 2018) which occurred on 12 September 2016, 42 km from the 469 

epicenter of the Pohang earthquake. The static ΔCFS was only 0.005 bar at the hypocenter of the 470 

2017 Pohang earthquake (Grigoli et al., 2018; Hong et al., 2018). This amplitude range (0.4–1.1 471 

bar) that we have determined is higher than that of other studies, which may imply that the 472 

poroelastic stressing due to injection is the most critical mechanism affecting the occurrence of 473 

the earthquake. In addition, we demonstrated in Figure 6 that, for either individual well, injection 474 

at PX-2 is a larger contributing factor to the occurrence of the Pohang earthquake. This is not 475 
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surprising because PX-2 has a larger volume of injected fluid (1,695 m3 at PX-1 and 4,146 m3 at 476 

PX-2; Figure 2).  477 

 478 

 5.3 Amplitude of ΔCFS and magnitude of the Pohang earthquake 479 

The ratio of the induced stress change (or Δp) to the stress drop (e.g. Foulger et al., 2018; Gupta, 480 

2002) can be considered a measure of the anthropogenic contribution to the Pohang earthquake 481 

occurrence. In many cases, induced earthquakes are associated with much smaller anthropogenic 482 

stress change than pre-existing tectonic stress (Gupta, 2002). Our modeling results show that the 483 

ΔCFS in November 2017 peaked at ~0.6 bar (median), bounded by 0.4 and 1.1 bar (25th and 484 

75th percentiles, respectively; Figure 10). For the Pohang earthquake, the ratio of ΔCFS to the 485 

observed stress drop (~20 bar; Song and Lee, 2019) is 3% for the median or a range of 2−6% for 486 

the percentiles. 487 

The Mw 5.5 Pohang earthquake does not follow the empirical relationship between the 488 

maximum magnitude and total volume of injected fluid proposed by McGarr (2014). 489 

Considering the total fluid volume injected at the Pohang EGS, the predicted maximum 490 

magnitude (MMAX) is considerably lower (3.5; Grigoli et al., 2018; Kim et al., 2018). Thus, the 491 

Mw 5.5 event in Pohang is clearly an outlier in this prediction model (McGarr, 2014). In that 492 

model, Δp induced by an injection is assumed to be equal to one half of the stress drop. As the 493 

ratio of ΔCFS to the inferred stress drop is low for the Pohang earthquake, MMAX may be 494 

underestimated. Furthermore, if the rupture propagates beyond the nucleated zone as a result of 495 

Δp, the magnitude may become even greater (Galis et al., 2017). Also, recent studies by 496 

Ellsworth et al. (2019), KGC (2019) and Woo et al. (2019) support this viewpoint. Foulger et al. 497 
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(2018) explored datasets from 218 cases, and reported a few outliers from the relationship 498 

proposed by McGarr (2014).  499 

We suggest that fluid injection to the basement probably enhanced the release of tectonic 500 

stress in Pohang, similar to a case in Oklahoma, USA (Hincks et al., 2018). The focal depth of 501 

the Pohang earthquake is close to the tip of the injection well (Figure 3c), and its depth is well 502 

within the range that exhibits slip-weakening behavior (Marone and Scholz, 1988; Scholz, 1998). 503 

Most aftershocks (95%) are also distributed through the basement layer (Figure 3c). Injection to 504 

the basement may thus be another prerequisite contributing to large-magnitude events such as the 505 

Pohang earthquake.  506 

 507 

 5.4 Previous earthquakes in response to poroelastic stresse changes 508 

The low values of Dbed (1 × 10-4–5 × 10-4 m2/s ; Figure 7, red squares) may be valid if slow fluid 509 

diffusion is also applicable to earthquakes before the mainshock. As Figure S6 shows, the 510 

estimated ranges of Dbed and Ddmz for the Mw 3.2 earthquake are quite similar to those for the 511 

mainshock (Figure 7).   512 

Although the location of the Mw 3.2 earthquake has high uncertainties in depth (at most 513 

±10 km, 2σ) and horizontal distance (at most 5 km, 95%) due to the limited presence or complete 514 

absence of nearby stations, the epicenters determined by KGC (2019) and Woo et al. (2019) are 515 

very close to the median of our epicentral pdf (Figure 3a). The projected location of the Mw 3.2 516 

earthquake, and of smaller magnitude ones, onto the fault plane correlates well with the region of 517 

positive ΔCFS (Figure 11b). That region around the Mw 3.2 earthquake is a result of Δτ and Δp 518 
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due to injection at PX-1 and of Δτ due to injection at PX-2 (Figures S8b, c and f). 519 

We also note that the locations of the Mw 1.6 earthquake and various smaller ones 520 

correlate poorly with the positive ΔCFS region (Figure 11a). The observed stress perturbation for 521 

this event is small (Figure 11a) and, thus, an ambient tectonic stress or the mud loss to the 522 

amount of 650 m3 at a depth of 3.8 km in PX-2 in October–November 2015 (KGC, 2019) may 523 

have affected the pattern of ΔCFS to a greater degree. 524 

 525 

5.5 Heterogeneity of hydraulic property near/at the wells  526 

Previous studies (Yoo, 2018; KGC, 2019) suggested that PX-1 and PX-2 have different 527 

hydraulic properties. While the critical pressure (attained when the ratio of the injection rate to 528 

the injection pressure is changed significantly) of PX-1 is only ~200 bar (wellhead pressure), the 529 

critical pressure of PX-2 is ~800 bar during its injection events (Park et al., 2017; KGC, 2019). 530 

KGC (2019) interpreted that such a difference might arise from a difference in the fracture 531 

network created by high-pressure stimulation. Furthermore, Yoo (2018) observed high 532 

permeability that was dependent on pore-pressure, up to 1 × 10-15–5 × 10-14 m2 (D = 1–40 m2/s) 533 

in the region closest to the well. Although well-dependent and distance-dependent 534 

heterogeneities can change the fields of ΔCFS, Δσn, Δτ and Δp, such factors may not be essential 535 

to explain the observed delay of the mainshock (58 days after the last injection and about two 536 

years after the first injection) if the hypocenter is sufficiently distant from the nearwell zone. The 537 

mainshock’s hypocenter is several hundred meters from the wells (KGC, 2019; Woo et al., 538 

2019). The observed high permeability during injection only persists for, at most, 2 days at the 539 

wells and recovers to its initial low permeability (Yoo, 2018).  540 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

 541 

6. Summary 542 

The 2017 Mw 5.5 Pohang earthquake in South Korea was the first reported and largest-543 

magnitude induced earthquake associated with the exploitation of deep geothermal energy, and 544 

with a relatively small volume of injected fluid. Considering the total fluid volume injected at the 545 

Pohang EGS, the predicted maximum magnitude for the Pohang earthquake is considerably low 546 

at 3.5. Furthermore, the occurrence of such a large earthquake ~2 months after the final EGS 547 

operation questions how critically the injected fluid affects the stress on a fault close to its failure 548 

conditions. In this study, we determine the range of the hydraulic diffusivities for the bedrock 549 

and the fault damage zone based on the criterion that the Coulomb failure stress should reach its 550 

maximum value on the day of the Pohang earthquake. The observed delay between each 551 

injection event and the Pohang earthquake on 15 November 2017 can be explained by a low 552 

hydraulic diffusivity of the bedrock values in the range 1 × 10-4–5 × 10-4 m2/s with the fault 553 

damage zone structure (5 × 10-6–1 × 100 m2/s). In this range, the fluid injection can cause a 554 

Coulomb failure stress change of up to 0.4–1.1 bar, although this is still much lower than the 555 

average of the stress drop (~20 bar; Song and Lee, 2019).  556 

 557 

Appendix A: Hypocenter determination 558 

We sample the pdfs of the hypocenters using the Bayesian hierarchical multiple-event location 559 

method (bayesloc), applying corrections to the travel-time curve (i.e., one-dimensional velocity 560 

model) and different weights to the measurements of the arrival times (Myers et al., 2007). This 561 
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probabilistic approach permits the resolution of absolute location and is robust against poor 562 

network configuration (Myers et al., 2007). In this study, eight Markov chains are used to sample 563 

the pdf with 10,000 iterations, resulting in 4,000 chains at the final iteration for an individual 564 

earthquake. The resulting posterior samples are used to estimate marginal distributions, such as 565 

epicenters and probability regions (Myers et al., 2007). 566 

A total of 311 earthquakes that occurred between 22 December 2016 and 17 February 567 

2018 are analyzed for probabilistic earthquake relocation (Figure 3). We use two earthquake 568 

catalogues that were available from the Korea Meteorological Administration (KMA) and the 569 

study by Kim et al. (2018). Kim et al. (2018) reported six foreshocks and 210 aftershocks in the 570 

3 hours immediately after the Pohang earthquake. Using the bayesloc method for the hypocenters 571 

of the aftershocks improves the accuracy of the locations of the mainshock and also the previous 572 

earthquakes. Networks KS, KN, KG, K18, and G18 recorded the Pohang earthquake, and 573 

networks PH and KG (temporary stations) only provided waveforms of the aftershocks, since 574 

they were deployed a few days after the Pohang earthquake (Figure 1). See Figure S9 for a 575 

timetable of the seismic data. In this study, we use the one-dimensional velocity model of KGC 576 

(2019), which is a composite based on an active source survey less than 5 km from the injection 577 

wells for constraining the shallow-depth structure and the regional velocity model of Kim et al. 578 

(2011) for the deep structure (Figure S10). To avoid interference due to diffracted waves from 579 

the Moho (i.e., Pn and Sn), P and S wave arrival times from stations within 80 km of the source 580 

region are manually measured from the vertical and transverse components of their raw seismic 581 

waveforms, respectively.  582 

K18 and G18, located at or near the EGS site (Figure 1), recorded the Pohang earthquake, 583 

and they are critical for reducing the uncertainties on its focal depth and epicenter location to less 584 
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than 1 km. Excluding their data (i.e., using only that from the permanent networks KS, KG, and 585 

KN in Figure 1) results in an uncertainty exceeding 1 km for the epicenter location, and of up to 586 

8 km for the focal depth.  587 

The standard deviation of the differences between the measured arrival times and 588 

fitted straight lines are 0.02 s for P wave at stations near to the EGS (stations K18 and G18) 589 

and 0.18 s for P wave and 0.66 s for S wave at distant stations (<80 km; Figure S11). The 590 

deviations from the straight line indicate a level of three-dimensional heterogeneity in the 591 

medium or errors in the measurements, contributing to an epicentral uncertainty of the 592 

order of 1 km.   593 
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Table 1. List of poroelastic parameters except for the hydraulic diffusivity. 594 

Name Range Used value† Note 

Shear modulus (G) 
19–24 GPa (granite 

at T = 30–150 °C)a 
22 GPa Median 

Skempton’s 

coefficient (B) 

0.5–0.9 (crustal 

rock)b,c,d 
0.75 Median 

Drained Poisson’s 

ratio (ν) 
- 0.25d Granite 

Biot coefficient (α) 

0.20, 0.25 and 0.32 

(granite when Pe = 

1 kbar)e
 

0.25 Median 

Frictional 

coefficient (μ) 
0.6–0.85f 0.6g 

Measurement of rock 

from PX-2 

Dynamic viscosity 

(η) 
- 

0.15 × 10-3 

Pa si 
T = 170 °Ch 

†Values used in the modeling. aHughes and Jones (1950). bDetournay and Cheng (1993). cHart 595 

and Wang (1995). dRice and Cleary (1976). eCoyner (1984). fByerlee (1978). gKwon et al. 596 

(2018). hLee et al. (2010). iWonham (1967).  T—Temperature. Pe—Effective confining pressure.  597 
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Figures 598 

 599 

Figure 1. Map of the study region. (a) Map including all seismic stations used in the analysis 600 

with an inset showing East Asia. Station networks KS, KG, and KN are permanently deployed, 601 

while PH, K18, G18, and KG (temp) are temporarily deployed for aftershock monitoring. The 602 

area enclosed in the dashed box is shown in (b), and gray lines represent faults. (b) Map showing 603 

the temporary stations and one permanent station PHA2 (network KS). The network G18 604 

consists of station POH01. G18—Grigoli et al. (2018). K18—Kim et al. (2018). KG—Korea 605 

Institute of Geoscience and Mineral Resources. KS—Korea Meteorological Administration. 606 

KN—Korea Hydro & Nuclear Power Co., Ltd. PH—Seoul National University and Pukyong 607 

National University. EGS—Enhanced geothermal system. See Figure S2 for stations with station 608 

ID.  609 
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 610 

Figure 2. Fluid injection and flowback records for the Pohang enhanced geothermal system 611 

(EGS) operation (Kim et al., 2018; KGC, 2019). The final fluid injection was performed in 612 

September 2017 (Kim et al., 2018; KGC, 2019). (a) Cumulative net fluid volume and 613 

earthquakes. Earthquakes reported by four sources (103 of them by the Korea Meteorological 614 

Administration, ‘http://necis.kma.go.kr/’, last accessed on 26 February 2018; 135 by Kim et al., 615 

2018; and 97 by KGC, 2019 and Woo et al., 2019) are shown as circles, diamonds and crosses, 616 

respectively. The catalogue of Kim et al. (2018) includes unlocatable earthquakes. Note that the 617 

magnitude scales are different for the three catalogues. (b) Fluid injection and flowback rate at 618 

the well PX-1. (c) Fluid injection and flowback rate at the well PX-2. Insets magnify the smaller 619 

rates. Total injected volumes at PX-1 and PX-2 are 1,695 m3 and 4,146 m3, respectively. 620 
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 621 

Figure 3. Earthquake epicenters in terms of probability density functions (pdfs). (a) Epicentral 622 

pdfs of the Pohang earthquake on 15 November 2017 05:29, Mw 1.6 earthquake on 7 February 623 

2016, 22:04; Mw 2.1 earthquake on 22 December 2016, 20:31; Mw 2.3 earthquake on 29 624 

December 2016, 12:32; and Mw 3.2 earthquake on 15 April 2017, 02:31 (Figure 2a). The 625 

direction of the maximum horizontal principal stress (SHmax) is indicated by black arrows (Soh et 626 

al., 2018). The red and blue ‘X’ symbols indicate the locations of the Pohang earthquake 627 

according to Hong et al. (2018) and Woo et al. (2019), respectively. (b) Epicentral pdfs of the 628 

Pohang earthquake and aftershocks. The information on the aftershocks, from top to bottom, is 629 

as follows: 16 November 2017, 00:02 for ML 3.6; 15 November 2017, 07:49 for ML 4.3; 19 630 

November 2017, 14:45 for ML 3.5; 25 December 2017, 07:19 for ML 3.5; and 15 November 631 

2017, 05:32 for ML 3.6. An inset shows the focal mechanism used to obtain the ΔCFS in the 632 
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poroelastic model (214°, 43° and 128° for strike, dip and rake, respectively). (c) Focal depth pdf 633 

of the Pohang earthquake and distribution of the earthquakes. Background colors represent 634 

simplified geological strata information at a depth of 0–4.5 km (Lee et al., 2015).   635 
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 636 

Figure 4. Geometry of the poroelastic modeling. (a) Fault-plane view. Openhole sections are 637 

represented as thick solid lines. In the model, the injection points for the wells PX-1 and PX-2 638 

are at the mid-points of the openhole sections, marked as white circles. (b) Fault-normal view. 639 

The fault-plane in (a) crosses the fault-core perpendicularly. The history of the poroelastic stress 640 

is sampled at a projected point, marked as a yellow star, from the mainshock hypocenter. The 641 

thicknesses of the fault core and damage zone are 10 m and 85 m, respectively, following the 642 

reported values (Ellsworth et al., 2019; KGC, 2019). The ranges of hydraulic diffusivity for the 643 

damage zone and bedrock (Ddmz and Dbed, respectively) are searched independently. The strike 644 

(214°), dip (43°), and rake (128°) of the fault, and the earthquake locations are from Woo et al. 645 

(2019). Only the earthquakes associated with the injection at PX-2 are plotted (Woo et al., 2019). 646 

The three largest earthquakes of the injection events JF16 (Mw 1.6), MA17 (Mw 3.2), and S17 647 

(mainshock) are indicated as colored crossed circles. The origin points (0 m, 0 m) in (a) and (b) 648 

are in PX-2, which is vertical, at a depth of 3.8 km (Woo et al., 2019). 649 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

 650 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

Figure 5. Temporal changes in poroelastic stress changes between January 2016 and February 651 

2018. The stresses are sampled where the mainshock hypocenter projects onto the fault plane 652 

(yellow star in Figure 4b). (a) Homogeneous model. The hydraulic diffusivities for bedrock and 653 

fault damage zone are: Dbed = Ddmz = 5 × 10-4 m2/s. (b) Model including a permeable fault 654 

damage zone. Dbed = 5 × 10-4 m2/s and Ddmz = 1 × 10-2 m2/s. (c) Model including a highly 655 

permeable fault damage zone. Dbed = 5 × 10-4 m2/s and Ddmz = 1 × 101 m2/s. (d) Model with 656 

impermeable bedrock and a permeable fault damage zone. Dbed = 1 × 10-6 m2/s and Ddmz = 1 × 657 

10-2 m2/s. (Also, see Figure S3 for the result from the homogeneous model with 658 

Dbed = Ddmz = 1 × 10-2 m2/s.) Gaussian lowpass filtered stresse changes (with a standard deviation 659 

of 2 months) are shown as colored lines. Unfiltered stresse changes in background are shown as 660 

grey lines. See Figure S4 for a version showing grey and color reversed. The filtered curves 661 

show the Coulomb stress change (ΔCFS) tending to increase in (a), slightly increase in (b), 662 

decrease in (c), and remain nearly constant in (d) around 15 November 2017. Upper panel shows 663 

the history of the injection and flowback (Kim et al., 2018; KGC, 2019), and earthquakes (Kim 664 

et al., 2018). Δτ—Shear stress change. Δp—Pore pressure change. Δσn—Normal stress change. 665 

M—Magnitude.   666 
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 667 

Figure 6. Coulomb failures stress change (ΔCFS) due to injection at each well. Hydraulic 668 

diffusivities for bedrock and fault damage zone are set as Dbed = 5 × 10-4 m2/s and Ddmz = 1 × 10-2 669 

m2/s, respectively, which are the same as those for Figure 5b. The grey line is plotted as a 670 

reference and represents ΔCFS considering both wells, also the same as in Figure 5b. See the 671 

caption of Figure 5 for the definitions of the symbols and lines.  672 
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 673 

Figure 7. The ranges of hydraulic diffusivities for the fault damage zone and bedrock, Ddmz and 674 

Dbed respectively, that satisfy the criteria for the Coulomb stress change (ΔCFS) amplitude at the 675 

time of the Pohang earthquake. A red square indicates values that meet the condition that ΔCFS 676 

is maximized on 15 November 2017, from within the period from 29 January 2016, until then. 677 

Squares lying on the diagonal, dashed line indicate a homogeneous model (i.e., Dcore = Ddmz). 678 
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 679 

Figure 8. Snapshot images on 15 November 2017, for stresses and pore pressure changes due to 680 

injection at the wells (a–d) PX-1 and (e–h) PX-2. Hydraulic diffusivities for bedrock and fault 681 

damage zone are Dbed = 5 × 10-4 m2/s and Ddmz = 1 × 10-2 m2/s, respectively (same as Figure 5b). 682 

(a) Coulomb stress change (ΔCFS) by PX-1. (b) Shear stress change (Δτ) by PX-1. (c) Pore 683 

pressure change (Δp) by PX-1. (d) Normal stress change (Δσn) by PX-1. (e) ΔCFS by PX-2. 684 

(f) Δτ by PX-2. (g) Δp by PX-2. (h) Δσn by PX-2. ΔCFS is obtained by Equation (5) where μ = 685 

0.6 (Table 1). No fault core is included in the model (i.e., Dcore = Ddmz). No temporal Gaussian 686 

filter is applied.  687 
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 688 

Figure 9. Total Coulomb stress (ΔCFS) on the fault plane caused by injection at the wells PX-1 689 

and PX-2. This is the sum of the values of ΔCFS by PX-1 (Figure 8a) and PX-2 (Figure 8e). (a) 690 

ΔCFS without an impermeable core. (b) ΔCFS with the impermeable core. Thickness and 691 

hydraulic diffusivity, D, of the core are 10 m and 10-6 m2/s, respectively, the same as those of 692 

Ellsworth et al. (2019) and KGC (2019; Figure 4b). See Figure S7 for pore pressure change, 693 

shear stress and normal stress changes by PX-1 and PX-2. Only the earthquakes associated with 694 

the injection at PX-2 are plotted (Woo et al., 2019). No temporal Gaussian filter is applied. 695 

Information of the fault geometry and earthquake locations are taken from KGC (2019) and Woo 696 

et al. (2019).   697 
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 698 

Figure 10. Temporal evolution in the Coulomb stress change (ΔCFS) satisfying the criterion for 699 

its maximum amplitude on 15 November 2017, and also a condition that the hydraulic diffusivity 700 

for the fault damage zone, Ddmz, is larger than or equal to that for the bedrock, Dbed (the 21 red 701 

squares within the upper triangle in Figure 7). The median is indicated as a red solid line and the 702 

25th and 75th percentiles as red dashed lines. Upper panel shows the history of the fluid injection 703 

and flowback (Kim et al., 2018; KGC, 2019), and earthquakes (Kim et al., 2018). M—704 

Magnitude.  705 
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 706 

Figure 11. Coulomb stress change (ΔCFS) on the fault plane caused by injection at the wells 707 

PX-1 and PX-2. The hydraulic diffusivities for bedrock and fault damage zone are Dbed = 5 × 10-
708 

4 m2/s and Ddmz = 1 × 10−2 m2/s, respectively (same as Figure 5b). (a) A snapshot of stress on 709 

7 February 2016, when the Mw 1.6 earthquake, the largest event during the injection event JF16, 710 

occurred. The other earthquakes before 22 August 2016 (KGC, 2019; Woo et al., 2019) are 711 

shown as grey circles. (b) A snapshot of stress on 15 April 2017, when the Mw 3.2 earthquake, 712 

the largest event during the injection event MA17, occurred. See Figure S8 for pore pressure, 713 

shear stress and normal stress changes by PX-1 and PX-2. The other earthquakes from 8 April 714 

2017 to 18 May 2017 are shown as grey circles. No temporal Gaussian filter is applied.  715 
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