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Abstract The 2017 Mw 5.5 Pohang earthquake in South Korea, the first reported and largest
magnitude-induced earthquake, occurred near the enhanced geothermal power plant in Pohang on

15 November 2017. We compute the spatiotemporal changes in poroelastic stresses perturbed by injected
fluid under various conditions to better understand the occurrences of the Pohang earthquake and the
small-magnitude earthquakes preceding it. Space-time variation of the earthquakes that occurred before the
Pohang earthquake correlates significantly with fluid injection history between January 2016 and
September 2017. We attribute the timing in earthquake occurrence to slow fluid diffusion, making hydraulic
diffusivity of bedrock the critical model parameter for representing this slow process. In this context, the
delay between the injection and the Pohang earthquake requires diffusivity estimates within a range of
1x 107*-5 x 10* m?/s for damaged granodiorite at 4-5 km, corresponding to the depth range between the
well and the focal depth. According to these estimates, the pore pressure and thus the Coulomb failure
stress changes are further enhanced by each injection with minimum stress dissipation. We find fluid
injection can result in a change of the Coulomb stress of up to 0.4-1.1 bar, exceeding those associated with
the 2016 Mw 5.5 Gyeongju earthquake by 2 orders of magnitude.

1. Introduction

The first enhanced geothermal system (EGS) project was initiated in late 2010 in Pohang, South Korea (Park
et al., 2017), where the highest geothermal gradient and heat flow are observed (Figure 1; Kim & Lee, 2007;
Lee et al., 2010). Injection wells (denoted by PX-1 and PX-2) were drilled to depths of 4,362 and 4,341 m,
respectively, and the first high-pressure hydraulic stimulation began on 29 January 2016 (Hofmann
et al., 2019; Park et al., 2017). Before the last fluid injection on 18 September 2017, an earthquake occurred
on 15 April 2017 at or near the EGS site with a moment magnitude, Mw, of 3.2 (Kim et al., 2018; Korean
Government Commission, 2019 [KGC, 2019, hereafter]; Woo et al., 2019). Seven months later, on 15
November 2017, the Mw 5.5 earthquake occurred in close proximity to the well locations (Ellsworth
et al., 2019; Grigoli et al., 2018; Kim et al., 2018; KGC, 2019; Woo et al., 2019), and it was the second largest
and the most destructive event on record since seismic instrumental monitoring began in South Korea in
1905 (Lee et al., 2003). Prior to the injection, a mud loss event to the amount of 650 m? occurred during dril-
ling in October-November 2015 (KGC, 2019). KGC (2019) identified two clusters of seismicity associated
with fluid injection at PX-1 and PX-2 and further suggested that the Pohang earthquake initiated in an area
that was perturbed by the injection at PX-2. Because the focal depth is estimated to be relatively shallow, at
about 4-5 km (Grigoli et al., 2018; KGC, 2019; Kim et al., 2018; Woo et al., 2019), synthetic aperture radar
interferometry (InSAR) constrains the static slip model (Song & Lee, 2019), showing a major slip northeast
of the hypocenter.

The space-time variation of seismicity prior to the Mw 5.5 earthquake is well correlated with the history of
stimulation activities involving fluid injection and flowback (Kim et al., 2018). The proximity of the focal
depth to the well tip and the temporal correlation between seismicity and hydraulic stimulation support
the idea that geothermal plant activities may have caused the Mw 5.5 Pohang earthquake (Ellsworth
et al., 2019; Grigoli et al., 2018; KGC, 2019; Kim et al., 2018; Woo et al., 2019), making it the largest

LIM ET AL.

1 0of 18


https://orcid.org/0000-0001-7510-4507
https://orcid.org/0000-0003-0764-2746
https://orcid.org/0000-0002-1111-632X
https://orcid.org/0000-0002-9919-1067
https://orcid.org/0000-0003-3697-5881
https://orcid.org/0000-0001-9931-7996
https://doi.org/10.1029/2019JB019134
https://doi.org/10.1029/2019JB019134
http://dx.doi.org/10.1029/2019JB019134
http://dx.doi.org/10.1029/2019JB019134
http://dx.doi.org/10.1029/2019JB019134
http://dx.doi.org/10.1029/2019JB019134
http://dx.doi.org/10.1029/2019JB019134
mailto:younghkim@snu.ac.kr
https://doi.org/10.1029/2019JB019134
https://doi.org/10.1029/2019JB019134
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JB019134&domain=pdf&date_stamp=2020-06-25

~0
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB019134

) 7
| Korean Peninsula |
=7 v )

(b)

=] 4 38.2° - ———— [ ] —

36.5" |- =1 r L] Pohang earthquake 1
| |

i yoidleicd = 4 33 -

35--_ ___'_!_:_r;-__‘ . } =] L - : J | 1

(=} am

o g 4 3600 |- =
km . = Ly A gl b b e o e
0 10 20 30 o Y 129.2° 129.3° 129.4°
35.5° - i3 = Stations _/ Geological
i § | Py WKkis @Gis Oks 7 fault
i sl ' M KG(temp) EKG [1KN @ EGSsite

128.5° 129° 129.5°

Figure 1. Map of the study region. (a) Map including all seismic stations used in the analysis with an inset showing East
Asia. Station networks KS, KG, and KN are permanently deployed, while PH, K18, G18, and KG (temp) are
temporarily deployed for aftershock monitoring. The area enclosed in the dashed box is shown in (b), and gray lines
represent faults. (b) Map showing the temporary stations and one permanent station PHA2 (network KS). The network
G18 consists of station POHO1. G18 = Grigoli et al. (2018); K18 = Kim et al. (2018); KG = Korea Institute of Geoscience
and Mineral Resources; KS = Korea Meteorological Administration; KN = Korea Hydro & Nuclear Power Co., Ltd;
PH = Seoul National University and Pukyong National University; EGS = enhanced geothermal system. See

Figure S2 for stations with station ID.

induced earthquake on record at an EGS site. Herein, the term “induced” is used to include earthquakes
triggered by anthropogenic causes that release tectonic stress, as well as earthquakes that release the
stresses created by industrial activities (Doglioni, 2018; Ellsworth, 2013). In regions where the crust is
critically stressed (e.g., Hong et al., 2018), small changes in stress can trigger fault slip, causing
earthquakes (Reasenberg & Simpson, 1992; Stein, 1999).

It remains unclear how the injected fluid from the Pohang EGS activities affected the stress state at depth and
induced the earthquake that occurred about 2 months after the last stimulation activity on 18 September 2017
(Figure 2; Kim et al., 2018). KGC (2019) conducted a comprehensive study to investigate the cause of the
Pohang earthquake, utilizing data sets from seismology, hydrogeology, geomechanics/structural geology,
and geophysical exploration. A condensed version of this work by KGC (2019) is presented in Ellsworth
et al. (2019). In particular, KGC (2019) provided locations for earthquakes that occurred near the EGS site
during the period between the start of the EGS activities and the mainshock, which we refer to as “previous
earthquakes.” KGC (2019) also provided hydraulic models for limited cases using the hydraulic diffusivities
(D) of the fault core and fault damage zone and suggested that an increase in fluid pressure of ~0.7 bar was
probably present when the Pohang earthquake occurred on 15 November 2017.

In this study, we perform poroelastic modeling to calculate the injection-related pore pressure and stress per-
turbations within the framework of linear poroelasticity (e.g., Biot, 1941) but consider a wide range of D in the
modeling to assess uncertainties in the medium properties. While both hydraulic and poroelastic analyses
predict pore pressure changes, the poroelastic modeling can self-consistently predict changes in elastic stress
due to fluid injection. Under low diffusivity, the elastic stress change could be a dominant triggering mechan-
ism (e.g., Deng et al., 2016). In Pohang, high D is observed only within a localized zone (less than ~100 m)
near the well during high-pressure stimulation (Yoo, 2018). Furthermore, if the fault associated with the
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Figure 2. Fluid injection and flowback records for the Pohang enhanced geothermal system operation (KGC, 2019; Kim
et al., 2018). The final fluid injection was performed in September 2017 (KGC, 2019; Kim et al., 2018). (a) Cumulative net
fluid volume and earthquakes. Earthquakes reported by four sources (103 of them by the Korea Meteorological
Administration, http://necis.kma.go.kr/, last accessed on 26 February 2018; 135 by Kim et al., 2018; and 97 by KGC, 2019,
and Woo et al., 2019) are shown as circles, diamonds, and crosses, respectively. The catalog of Kim et al. (2018) includes
unlocatable earthquakes. Note that the magnitude scales are different for the three catalogs. (b) Fluid injection and
flowback rate at the well PX-1. (c) Fluid injection and flowback rate at the well PX-2. Insets magnify the smaller rates.
Total injected volumes at PX-1 and PX-2 are 1,695 and 4,146 m3, respectively.
mainshock is located beyond the nearwell fractured zone (e.g., Ellsworth et al., 2019; KGC, 2019), the
hydraulic diffusivity of bedrock at the basement, likely to be low (e.g., Mizoguchi et al., 2008; Morrow
et al., 1994), will play a critical role in affecting the pore pressure change due to the injection.
Considering the history of stimulation activities and geological settings at the Pohang EGS site (Kim
et al., 2018; Lee et al., 2015), we investigate the dependence of stress change with respect to D and compare
the relocated seismicity with the spatiotemporal evolution of Coulomb stress change. In this study, we
determine the locations of the Mw 5.5 Pohang earthquake and 311 smaller earthquakes at or near the
EGS site, including 11 previous earthquakes and 302 aftershocks that occurred between December 2016
and February 2018. We take a probabilistic approach in determining these earthquake locations and tightly
link the stress change to the earthquake's location.
2. Poroelastic Modeling
2.1. Poroelastic Constitutive Equations
Biot's (1941) poroelastic equation describes the equilibrium condition for the solid matrix and pore fluid
pressure in a poroelastic medium that shows fluid-matrix coupling. The medium is assumed to be
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isotropic and fluid saturated. The governing equations are given as follows (Detournay & Cheng, 1993; Wang
& Kiimpel, 2003):

GV*u + %Vc —aVp =f(x,t), 1)

and

M‘1%+a% —V-(%Vp) =Q(x, t), ©)
where u is the displacement vector, ¢ is the volumetric strain (i.e., V - u), p is the pore pressure, «x is the
matrix permeability, 7 is the dynamic viscosity of the fluid, and f is the body force per unit volume. Q(x,t)
is described by q(£)8(x — x,) for a single point source, where q(t) is the volume injection rate, x; is the location
of the injection well, and &(-) is the Dirac delta function. The poroelastic medium is characterized by the
independent parameters G, v, M, «, and D, where G is the shear modulus, v is Poisson's ratio under drained
conditions, M is the Biot modulus (compressibility introduced by Biot, 1941), and « is a dimensionless
coefficient of effective stress (Biot, 1941). The permeability « is related to D by

(1—=w)(vy —v)D

(1=v)(1+,)°GB*’ ®)

x_9
n 2

where B is Skempton's coefficient. M~ is expressed as

(1=2w)(vy — )
(1—=2v)(1+v,)°GB*’

—1

“)

9
T2

where v, = [3v+aB(1 — 2v)]/[3 — aB(1 — 2v)] is Poisson's ratio under the undrained condition.

For calculating the poroelastic stress and pore pressure changes with given injection rate, we use the poel software
(https://www.gfz-potsdam.de/en/section/physics-of-earthquakes-and-volcanoes/data-products-services/downloads-
software; last accessed on 21 June 2017), which is based on an extension of the Thomson-Haskell propagator method
(Wang & Kiimpel, 2003). We consider the real-time injection histories at PX-1 and PX-2 (Figures 2b and 2c) and cal-
culate stress and pore pressure changes in cylindrical coordinates system, where the axis of symmetry is defined per-
pendicular to the fault. We apply no free-surface condition in the calculation as any effect due to a free surface is
minimal when the point of interest is close to the wells and away from the free surface (Wang & Kiimpel, 2003).
The stress tensors from PX-1 and PX-2 are rotated to a specific fault orientation, and the total stress perturbation
is obtained by the principle of superposition, taking advantage of the linearity of poroelastic theory.

2.2. Poroelastic Parameters

All poroelastic parameters used in the modeling except for D (G, B, v, a, and 7) are summarized in Table 1.
Their ranges represent granite or crustal rock in a confining pressure and temperature at a depth of 4 km
(Table 1). The values of G, B, v, a, and 7 are fixed because their ranges are narrow relatively to D. We also
append rationale for selecting the values in Table 1.

D represents the ratio between the rock’s ability to store and transport fluids in the poroelastic medium. For
fixed poroelastic parameters (G, B, v, a, and 1) other than D itself in Table 1, D can be converted to x and vice
versa using equation 3. Figure S1 in the supporting information shows the linear relationship between D and
x. However, selection of values of D for modeling is not trivial. For example, D of the fractured granite of the
Nojima fault zone in Japan (8 m?/s; x = 10~** m?) is much higher than that of the fault-wall rocks
8 x 107 m?/s; ¥ = 107°° m?), while the fault gouge can have very low D (8 X 107® m?/s; x = 107%° mz)
at the effective confining pressure (P.) of 0.9 kbar (Mizoguchi et al., 2008). For comparison, the
measured x of the intact granodiorite gneiss samples from the Kola well in Russia is 4-7 x 107" m*
(D = 3-6 X 10~° m?/s) at P, = 1 kbar (Morrow et al., 1994).
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Table 1
List of Poroelastic Parameters Except for the Hydraulic Diffusivity
Name Range Used value® Note
Shear modulus (G) 19-24 GPa (granite at T = 30-150 °C)b 22 GPa Median
Skempton's coefficient (B) 0.5-0.9 (crustal rock)c’d’e 0.75 Median
Drained Poisson's ratio (v) — 0.25° Granite
Biot coefficient («) 0.20, 0.25, and 0.32 (granite when P, = 1 kbar)f 0.25 Median
Frictional coefficient (u) 0.6-0.85° 0.6" A Measurement of rock from PX-2
Dynamic viscosity (1) — 0.15x 10> Pas' T =170 °C

Note. T = temperature; P, = Effective confining pressure.
*Values used in the modeling. bHughes and Jones (1950). ‘Detournay and Cheng (1993). 9Hart and Wang (1995). °Rice and Cleary (1976).
fCoyner (1984). &Byerlee (1978). “Kwon et al. (2019). ‘Wonham (1967). JILee et al. (2010).

For the Pohang earthquake, Ellsworth et al. (2019) and KGC (2019) used D = 1072 m?/s for bedrock,
107® m?/s for fault core, and 10~ m?/s for the fault damage zone in their pore pressure diffusion modeling.
Yoo (2018) calculated the stress-dependent permeability, which reaches 107> m? at a radial distance of 15 m
(1 m?%/s) from PX-2, using the densely sampled wellhead pressures and injection rate data during 29-30
January 2016. Also, calculated permeability is 2-5 x 10~ m? at 22.5 m (16-40 m?/s) from PX-1 for 15-16
December 2016 (Yoo, 2018). This value of D specifically represents the fluid diffusion properties in a spatially
localized region near the well (less than ~100 m), which must have been transient for 2-3 days. We thus set
this value of D as the upper bound in our modeling. Considering previously determined estimates of D for
the Pohang EGS and other fault zones, we explore wide ranges of this variable (10~’-10* m?/s) for the bed-
rock (Dpeq) and fault damage zone (Dgn,,) in our modeling and compute stress changes with approximately
uniform intervals (e.g., D=1x10"7,2x1077,5x 10”7, and 1 x 10~° m?/s). Although we do not search for a
range of D for the fault core (i.e., fault gouge), Dore, We discuss the effects of an impermeable fault gouge on
the changes in the stresses and pore pressure in section 4.5.

2.3. Well Geometry and Fluid Injection History

PX-1 and PX-2 are 6 m apart on the surface, but PX-1 is tilted westward (azimuth of 289°), away from the
vertical PX-2; at their bottoms, they are 616 m apart laterally (Hofmann et al., 2019). The openhole sections,
along which fluid is injected into or extracted from rock, of PX-1 and PX-2 are at 4,049-4,362 and 4,208-
4,348 m depth, respectively (Hofmann et al., 2019). The locations of vertical PX-2 and the
surface-projected location of the openhole section of tilted PX-1 are shown in Figure 3. Geometries of the
openhole sections in fault-plane and fault-normal views are presented in Figure 4. Injections are simplified
as point sources at the midpoint of the relevant openhole section (Figure 4, white circle).

Fluid injection and flowback records from between 29 January 2016 and 18 September 2017 are presented in
Figure 2 (KGC, 2019; Kim et al., 2018). The injection phases are grouped into five events dated to January-
February 2016 (hereafter, JF16), December 2016 (D16), March-April 2017 (MA17), August 2017 (A17), and
September 2017 (S17). The injection events JF16, D16, MA17, A17, and S17 were performed at PX-2, PX-1,
PX-2, PX-1, and PX-2, respectively (Figure 2; Kim et al., 2018; KGC, 2019).

2.4. Coulomb Failure Stress Change

A failure occurs on a fault when the shear stress (7) exceeds the maximum frictional strength that is deter-
mined by a frictional coefficient (1), normal stress (g,,), and p. 7 is resolved on the fault surface geometry,
defined by the strike, dip, and rake, from the known stress field, whereas o, is defined only by the strike
and dip. p is independent of fault geometry. 7 is positive in the rake direction, and oy, is positive for tension.
The Coulomb failure stress (CFS) is defined as CFS = t+u(o,+p) (e.g., King et al., 1994; Stein, 1999). We con-
sider that failure on a fault is promoted (or inhibited) due to changes in the CFS, or ACFS, which is defined as

ACFS = AT + u(Agy + Ap). (5)

The fault is brought closer to failure when ACFS is positive and vice versa. The increases in Az, Ap, and Ao,
increase the likelihood that the fault will slip toward the assumed slip direction. For most rocks, the fric-
tional coefficient (1) ranges between 0.6 and 0.85 (Byerlee, 1978) (Table 1). In this study, we use u of 0.6
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Figure 3. Earthquake epicenters in terms of probability density functions (pdfs). (a) Epicentral pdfs of the Pohang
earthquake on 15 November 2017, 05:29; Mw 1.6 earthquake on 7 February 2016, 22:04; Mw 2.1 earthquake on 22
December 2016, 20:31; Mw 2.3 earthquake on 29 December 2016, 12:32; and Mw 3.2 earthquake on 15 April 2017, 02:31
(Figure 2a). The direction of the maximum horizontal principal stress (Syymax) is indicated by black arrows (Soh

et al., 2018). The red and blue “X” symbols indicate the locations of the Pohang earthquake according to Hong

et al. (2018) and Woo et al. (2019), respectively. (b) Epicentral pdfs of the Pohang earthquake and aftershocks. The
information on the aftershocks, from top to bottom, is as follows: 16 November 2017, 00:02 for My, 3.6; 15 November
2017, 07:49 for My, 4.3; 19 November 2017, 14:45 for M, 3.5; 25 December 2017, 07:19 for My, 3.5; and 15 November 2017,
05:32 for My, 3.6. An inset shows the focal mechanism used to obtain the ACFS in the poroelastic model (214°, 43°, and
128° for strike, dip, and rake, respectively). (c) Focal depth pdf of the Pohang earthquake and distribution of the
earthquakes. Background colors represent simplified geological strata information at a depth of 0-4.5 km (Lee

et al., 2015).

(Table 1), which is close to the coefficient of 0.53 in the granodiorite sample retrieved from the well PX-2 ata
depth of 4.2 km (Kwon et al., 2019).

To compute ACFS, the stress tensor obtained from equations 1 and 2 is projected onto the fault plane to
obtain Ao, and At along the slip direction. The fault defined by the strike, dip, and rake is referred to as a
“receiver fault” (e.g., Woessner et al., 2012), which can be of fixed geometry or arbitrarily oriented along
the fault plane that is most susceptible to failure (the “optimal fault orientation”) in the modeling domain.
We use the fault geometry constrained by the distribution of the Pohang earthquake and previous earth-
quakes before the mainshock (strike of 214° and dip of 43°; Woo et al., 2019) as our receiver fault. Rake is
chosen as 128° from the mainshock focal mechanism (KGC, 2019; Woo et al., 2019).

3. Earthquake Location

The Pohang earthquake was recorded by a permanent seismic network in South Korea, two strong-motion
sensors at the EGS site (Grigoli et al., 2018), and a temporary array (Kim et al., 2018), consisting of a total of
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Figure 4. Geometry of the poroelastic modeling. (a) Fault-plane view. Openhole sections are represented as thick solid
lines. In the model, the injection points for the wells PX-1 and PX-2 are at the midpoints of the openhole sections, marked
as white circles. (b) Fault-normal view. The fault-plane in (a) crosses the fault-core perpendicularly. The history of the
poroelastic stress is sampled at a projected point, marked as a yellow star, from the mainshock hypocenter. The
thicknesses of the fault core and damage zone are 10 and 85 m, respectively, following the reported values (Ellsworth
et al., 2019; KGC, 2019). The ranges of hydraulic diffusivity for the damage zone and bedrock (Dgp,, and Dypeg,
respectively) are searched independently. The strike (214°), dip (43°), and rake (128°) of the fault and the earthquake
locations are from Woo et al. (2019). Only the earthquakes associated with the injection at PX-2 are plotted (Woo

et al., 2019). The three largest earthquakes of the injection events JF16 (Mw 1.6), MA17 (Mw 3.2), and S17 (mainshock)
are indicated as colored crossed circles. The origin points (0 m, 0 m) in (a) and (b) are in PX-2, which is vertical, at a depth
of 3.8 km (Woo et al., 2019).

68 seismometers near/at the EGS (Figures 1 and S2). In the aftermath of the Pohang earthquake, several
temporary seismic arrays were deployed close to the site to monitor aftershocks (Figures 1 and S2). Since
earthquake locations are critical for evaluating poroelastic stress changes, we relocate the Pohang
earthquake, its aftershocks, and previous earthquakes using available network data. We then assess our
estimates by comparing with estimates from previous studies based on different location methods and
data sets. See Appendix A for details of how to obtain the probability density functions (pdfs) of the
hypocenters. See Table S1 for our hypocenter locations and uncertainties.

3.1. Pohang Earthquake Location

Figures 3a and 3b show the epicentral pdfs (i.e., marginal pdfs) of the earthquakes. In particular, the median
of the epicentral pdf for the Pohang earthquake is indicated as a star with an iso-contour line (95% of the
pdfs). The 95% iso-contour of the Pohang earthquake has a radius of, at most, 1 km that encompasses the
locations of both wells. Furthermore, the iso-contour encompasses the previous estimate of its hypocenter
(Ellsworth et al., 2019; KGC, 2019; Woo et al., 2019). The observed difference in epicenters between the pre-
vious estimate and ours (median of pdf) is ~200-1000 m, which is inevitable considering that different data
sets have been utilized in relocation.

The pdf of the focal depth for the Pohang earthquake is 5.0 + 0.8 (20) km, ranging from ~4 to 6 km
(Figure 3c). The previous estimates of 4.27 km (KGC, 2019) and 6.2 km (Hong et al., 2018) are within our
determined range, which corresponds to the depth range of granodiorite basement (Lee et al., 2015).

3.2. Relocated Hypocenters of Previous Earthquakes, Foreshocks, and Aftershocks

The median of the epicentral pdf for each of the previous earthquakes (Mw 2.1 earthquake on 22 December
2016, Mw 2.3 on 29 December 2016, and Mw 3.2 on 15 April 2017; Figure 2a; magnitude information taken
from KGC, 2019) is indicated by a circle with an iso-contour line (95% of the pdf; Figure 3a). Among the
detected earthquakes by Kim et al. (2018) and KGC (2019; Figure 2a), these three events each have a value
of Mw exceeding 2.1. The locations of these previous earthquakes involve large uncertainties and are far
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from the well positions (Figure 3a) since data from the networks PH, K18, G18, and KG (temp) are unavail-
able (Figure 1). The depths of the Mw 3.2, Mw 2.1, and Mw 2.3 earthquakes are 5.9 + 5.5, 2.3 + 2.3, and
1.5 + 0.8 km, respectively.

The hypocenters of seven foreshocks with magnitudes less than 2.2 (which occurred from 14 November
2017, 20:04, to 15 November 2017, 05:23) are relatively well determined compared to those of previous earth-
quakes because of the station network K18 (Figures 1 and 3a and Table S1). Most of the foreshocks (six out of
seven) are located near the wells, and they are confined to a depth range of 4.0-4.9 km.

As the aftershock monitoring arrays such as KG and PH become available, the aftershock locations
involve smaller uncertainties than that of previous earthquakes and the Pohang earthquake by a factor
of 7 or better (Figure 3). The epicentral pdfs of five large aftershocks (My, 3.5-4.3) are also located
within 1-2 km of both the Pohang earthquake and the wells (Figure 3b). Relocated aftershocks extend
farther to the northeast and southwest of the injection well locations (Figure 3b), consistent with the
slip distribution imaged by InSAR data (Song & Lee, 2019). The aftershocks are distributed within a
depth range of 1.2-6.8 km and peaked in a depth range between the well tip and the depth of the
Pohang earthquake (4.2-4.8 km; Figure 3c). The majority of the aftershocks (86%) are concentrated in
the granodiorite basement (Figure 3c; Lee et al., 2015).

4. Poroelastic Modeling Against Hydraulic Diffusivity

The stress perturbation due to fluid injection highlights how the poroelastic response of the media may
potentially cause the Pohang earthquake and previous ones between January 2016 and 15 November
2017. As described in section 2, we explore a wide range (1077 to 10° m?/s) of values for both Dy.q and
Dy, With fixed poroelastic parameters (v, vy, B, @, G, and 1) and p. We sample stress changes and Ap at
the projected location of the mainshock hypocenter (KGC, 2019; Woo et al., 2019) onto the fault plane
(Figure 4b, yellow star).

4.1. Poroelastic Stress Changes of Four Representative Models: Example

Figure 5 illustrates the temporal evolution of the stresses and pore pressure changes (ACFS, Aoy, At, and Ap)
for various Dpeq and Dy, during the fluid injection and flowback history (Figure 2). We examine the
first-order trends of ACFS, Aoy, At, and Ap by applying a Gaussian low-pass filter with a standard deviation
of 2 months (Figure 5, colored lines). The filter removes sharp peaks or steps in the stress change curves,
which can be associated with the injection and flowback practices (Figure 5, gray lines). For the four cases,
the filtered stress change curves clearly show different amplitudes and gradients at the time of the Pohang
earthquake, highlighting the importance of Dyeq and Dy, in the earthquake occurrence (Figure 5).

Figures 5a and 5b demonstrate cases in which the amplitude of ACFS attains a high value on 15 November
2017. ACFS, Aoy, At, and Ap shown in Figure 5a are computed for a homogeneous model (i.e.,
Dped = Damz = 5 X 107* m?/s), and those in Figure 5b are for a model involving a fault structure
(Dped = 5 X 107* m%s; Dgmy = 1 X 1072 m?/s). When D is homogeneous and low (ie.,
Dbed = Damz = 5 X 10”* m?/s), the overall trend of ACFS closely follows the trend of Ap, which increases sub-
stantially after injection D16 (Figure 5a). Because of the low D values, the time intervals between subsequent
injection events are too short for the stress changes built up by previous injection events to fully dissipate. The
value of ACFS is 2.1 bar on 15 November 2017 (Figure 5a).

In the case of a permeable fault damage zone (Dgy, = 1072 m?/s), we obtain a temporal history of the ACFS
amplitude similar to that obtained for the homogeneous model (Figure 5a) but with slightly reduced magni-
tude (Figure 5b). The amplitudes of both Ap and Ao, decrease because of fast diffusion within the fault
damage zone. As a result, A7 contributes to ACFS to a greater degree. We observe a trend for increasing
A7 close to the time of the mainshock, whereas Ap shows a slightly decreasing trend (Figure 5b). The value
of ACFS is 1.3 bar on 15 November 2017 (Figure 5b).

Notably, in Figures 5a and 5b, we observe that the level of ACFS drops and then rises, with a large negative
peak in January-February 2017; this feature stems from the practice of alternating injection at PX-1 and
PX-2. Figure 6 shows the temporal changes in ACFES caused by each well computed using the same values
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Figure 5. Temporal changes in poroelastic stress changes between January 2016 and February 2018. The stresses are sampled where the mainshock hypocenter
projects onto the fault plane (yellow star in Figure 4b). (a) Homogeneous model. The hydraulic diffusivities for bedrock and fault damage zone are

Dpeq = Damz = 5 X 10~* m%s. (b) Model including a permeable fault damage zone. Dpeq = 5 X 10~* m%/s and Damz =1 X 1072 m%s. (c) Model including a
highly permeable fault damage zone. Dpegq = 5 X 10~ *m?/s and Dgmz =1X 10" m%s. (d) Model with impermeable bedrock and a permeable fault damage zone.
Dpeqg =1 X 10~% m?/s and Dimz =1X% 102 m?/s. (Also, see Figure S3 for the result from the homogeneous model with Dypeq = Dgmz = 1 X 1072 mz/s.) Gaussian
low-pass filtered stress changes (with a standard deviation of 2 months) are shown as colored lines. Unfiltered stress changes in background are shown as gray
lines. See Figure S4 for a version showing gray and color reversed. The filtered curves show the Coulomb stress change (ACFS) tending to increase in (a), slightly
increase in (b), decrease in (c), and remain nearly constant in (d) around 15 November 2017. Upper panel shows the history of the injection and flowback
(KGC, 2019; Kim et al., 2018) and earthquakes (Kim et al., 2018). At = shear stress change; Ap = pore pressure change; Aog,, = normal stress change;

M = magnitude.
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Figure 6. Coulomb failures stress change (ACFS) due to injection at each well. Hydraulic diffusivities for bedrock and
fault damage zone are set as Dpeq = 5 X 10~* m?%/s and Dgmz =1 X 1072 m?/s, respectively, which are the same as
those for Figure 5b. The gray line is plotted as a reference and represents ACFS considering both wells, also the same as
in Figure 5b. See the caption of Figure 5 for the definitions of the symbols and lines.

of D as Figure 5b. Figure 6 clearly shows that the drop in ACFS in January-February 2017 is closely asso-
ciated with the injection D16 at PX-1 when the largest volume of fluid is injected (Figure 2).

At shows an increasing trend at injection MA17 (Figures 5a and 5b). Generally, At decreases with injec-
tion at PX-1 (i.e., D16 and A17; Figure 2) and increases with injection at PX-2 (JF16, MA17, and S17;
Figure 2). These opposite responses to injections at PX-1 and PX-2 are observed more clearly in unfil-
tered At (Figure S5). Figure S5 shows unfiltered ACFS, Aoy, At, and Ap for individual well and both
wells. Figures S5b and S5c show ACFS, Aoy, At, and Ap involving the injection practice at PX-1 or
PX-2 with same Dyeq and Dgp,, of Figure 5a. Similarly, Figures S5e and S5f show ACFS, Acy,, At, and
Ap of Figure 5b. In December 2016 and early August 2017, At is decreased sharply by injections at
PX-1 (D16 and A17; Figures S5b and S5e). In late August 2017, flowback following injection A17 rapidly
increases At by a similar amount of the earlier decrease (Figures S5b and S5e). All injections at PX-2
increase At in January-February 2016, March-April 2017, and September 2017 (Figures S5c and S5f).
Because the distance from the stress sampling point to PX-2 is larger than that to PX-1 (Figure 4),
observed changes in A7 of PX-2 in response to all injections (Figures S5c and S5f) are smaller than those
of PX-1 (Figures S5b and S5e).

Also, we can see that filtered ACFS in the period after the negative peak (from May 2017 to February 2018) is
larger than in the period January-August 2016 (Figures 5a and 5b). This suggests that, for the mainshock
occurrence on 15 November 2017, ACFS should be its largest during the period from the beginning of injec-
tion (29 January 2016) to that day. This could be a key condition for constraining D and reconciling it with
the timing of the mainshock, which is delayed by ~2 years after the first injection in January 2016 and 58 days
after the last injection in September 2017. This feature was not captured by previous studies based on
hydraulic diffusion modeling (Ellsworth et al., 2019; KGC, 2019).

On the other hand, Figure 5c shows a case in which Dy, (=10 m?/s) is much higher than Dy.q and higher
than the value used in Figure 5b by a factor of 3. For this case, the diffusion speed within the fault damage
zone is too fast to cause ACFS to reach its largest amplitude on 15 November 2017. ACFS on 15 November
2017 is 0.24 bar, less than the local peak amplitude in May 2016 (0.25 bar; Figure 5c).

The last example is a case involving extremely low Dyeq (=1 X 10~° m?/s) with a permeable fault damage
zone (Dgmz = 1 X 1072 m?%/s; Figure 5d). The most prominent feature in this case is that Ap is nearly zero
in the entire period considered, because the characteristic time from the wells to the sampling point is
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very long. Only At changes significantly and thus affects ACFS. Although
ACFS is increasing on 15 November 2017, the amplitude of ACFS is still
smaller than in the period January-August 2016. In short, ACFS does
not reach its maximum value at the time of the mainshock if the fault

[l ACFS is maximized
on 2017/11/15
in 2016/1/29-2017/11/15

Otherwise
~ | damage zone becomes more permeable (Dgyn, = 1 X 10" m?%/s;
/// ] Figure 5c) or if the bedrock extremely impermeable
I 1 (Dpeq = 1 x 107° m?/s; Figure 5d).
I ]
I ]
I : 4.2. Search for Possible Ranges of D for Pohang

Earthquake Occurrence

By examining the temporal evolution of stress changes depending on
representative D values (Figure 5), we can determine possible ranges of
Dypeq and Dyp,, to reconcile the delay between the timing of the Pohang
earthquake and the peak stress change induced by the injection. As
_ described in section 4.1, we use examples highlighted in Figure 5 as a
] guide to search for ranges of Dypeq and Dy, that are critical to induce
1 the Pohang earthquake. Specifically, the range of Dyegq and Dgp, can be

| [

Figure 7. The ranges of hydraulic diffusivities for the fault damage zone
and bedrock, Dgp,, and Dyeq, respectively, that satisfy the criteria for the
Coulomb stress change (ACFS) amplitude at the time of the Pohang
earthquake. A red square indicates values that meet the condition that
ACFS is maximized on 15 November 2017, from within the period from 29
January 2016, until then. Squares lying on the diagonal, dashed line
indicate a homogeneous model (i.e., Dpeq = Ddmz)-

2 5 2 5 2 2
104 10% 102 107 10° 10" 102 10°
D of bedrock (m?%/s)

defined if the amplitude of ACFS on the day of the mainshock (15
November 2017) is the largest from the beginning of the injection (29
January 2016) to that day.

T
5 25

Figure 7 illustrates a classification of the models consisting of the ranges of
Dyea and Dy, (107710 m?/s). Pairs of values lying on the diagonal line
shown represent homogenous model. The zone above that diagonal line
represents models with more permeable fault damage zone than the bed-
rock (i.e., Dpeq < Dgmz), Whereas the zone below represents those with
more impermeable fault damage zone than the bedrock (i.e.,
Dyped > Damy)- The thickness of the fault damage zone is fixed as 85 m, fol-
lowing the value of Ellsworth et al. (2019) and KGC (2019) for the purpose of benchmarking (Figure 4b). A
trade-off between the thickness and Dy, does not affect the temporal evolutions of ACFS, Aag,, Az, and Ap
when the sampling point is within the damage zone (Figure 4b).

The red squares indicate pairs of values of Dpeq and Dy, that meet our ACFS amplitude criterion on 15
November 2017 (Figure 7). Dpeg ranges 1 x 107*-5 x 107> m?/s, and the Dy, has a broad range of
5 x 107°-1 m?%/s. If we only consider the case Dyeq < Dgmy, the medians of Dyeq and Dy, are 5 X 107*
and 5 x 107> m?%/s, respectively.

We obtain another values of Dyeq and Dgpy, based on the origin time (15 April 2017) and projected location of
the hypocenter of the Mw 3.2 earthquake onto the fault (Figure 4) in order to validate the values of Dyeq and
D4, based on the mainshock (Figure S6). For this, the criterion is changed to that the amplitude of ACFS
on the day of the Mw 3.2 earthquake (15 April 2017) is the largest from the beginning of the injection
(29 January 2016) to that day. Similarly, we consider only the values when Dyeq < Dy, Figure S6 shows es-
timates of Dyeq and Dy, for the Mw 3.2 earthquake, and they are quite similar to the values for the Pohang
earthquake shown in Figure 7. In particular, the range of Dyeq in Figure S6, which is 2 x 107*-5%x 10> m?/s,
encloses that for the mainshock (1 X 107*-5 x 107> m?/s) in Figure 7.

4.3. Stresses and Pore Pressure Changes on the Fault Plane

Two sets of ACFS, Aoy, At, and Ap caused by the injections at PX-1 and PX-2 are calculated on the fault
plane, defined as in Figure 4. The values of Dyeq and Dy, are chosen as 5 X 10~*and 1 x 1072 m?%/s, respec-
tively, the same as for those in Figure 5b. ACFS, Ao, At, and Ap as affected by injection at PX-1 (PX-2) are
presented in Figures 8a-8d (Figures 8e-8h). Figure 9a shows the sum of ACFS computed for the two wells
(Figures 8a and 8e).

The distributions of Ap and Ac,, have spherical symmetry around the injection point on the fault plane
(Figures 8c, 8d, 8g, and 8h). For both wells, the values of Ap are positive (Figures 8c and 8g). Ac,, by PX-2
is expected to be compressive (Figure 8h) because the last injection was performed at PX-2 (Figure 2). On
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Figure 8. Snapshot images on 15 November 2017, for stresses and pore pressure changes due to injection at the wells
(a-d) PX-1 and (e-h) PX-2. Hydraulic diffusivities for bedrock and fault damage zone are Dpeq = 5 X 10~* m%/s and
Digmz =1 X 1072 mz/s, respectively (same as Figure 5b). (a) Coulomb stress change (ACFS) by PX-1. (b) Shear stress
change (A7) by PX-1. (c) Pore pressure change (Ap) by PX-1. (d) Normal stress change (Aoy,) by PX-1. (e) ACFS by PX-2.
(f) At by PX-2. (g) Ap by PX-2. (h) Aoy, by PX-2. ACFS is obtained by equation 5 where u = 0.6 (Table 1). No fault
core is included in the model (i.e., Deore = Dgmz)- No temporal Gaussian filter is applied.

the other hand, Ag,, by PX-1 is positive with smaller amplitudes than by PX-2 (Figure 8d) because of the
flowback following injection that occurred in August 2017 (Figure 2).

The distribution of At shows two lobes with opposite polarities with an axis of symmetry along the rake of
the fault (Figures 8b and 8f). At by the injection at PX-2 is negative toward the rake (Figure 8f). On the other
hand, the injection at PX-1 generates the reverse pattern, with positive polarity toward the rake and with
much smaller amplitudes than those at PX-2 (Figure 8b). The flowback at PX-1 in August 2017 generates
the negative polarity of At toward the rake (Figure 8b).
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Figure 9. Total Coulomb stress change (ACFS) on the fault plane caused by injection at the wells PX-1 and PX-2.

(a) ACFS without an impermeable core. This is the sum of the values of ACFS by PX-1 (Figure 8a) and PX-2 (Figure 8e).
(b) ACFS with the impermeable core. Thickness and hydraulic diffusivity, D, of the core are 10 m and 10 %m /s,
respectively, the same as those of Ellsworth et al. (2019) and KGC (2019; Figure 4b). See Figure S7 for pore pressure
change, shear stress, and normal stress changes by PX-1 and PX-2. Only the earthquakes associated with the injection at
PX-2 are plotted (Woo et al., 2019). No temporal Gaussian filter is applied. Information of the fault geometry and
earthquake locations are taken from KGC (2019) and Woo et al. (2019).
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Figure 10. Temporal evolution in the Coulomb stress change (ACFS) satisfying the criterion for its maximum amplitude
on 15 November 2017 and also a condition that the hydraulic diffusivity for the fault damage zone, Dqyy,, is larger
than or equal to that for the bedrock, Dpeq (the 21 red squares within the upper triangle in Figure 7). The median is
indicated as a red solid line and the 25th and 75th percentiles as red dashed lines. Upper panel shows the history of the
fluid injection and flowback (KGC, 2019; Kim et al., 2018) and earthquakes (Kim et al., 2018). M = magnitude.

Ap by PX-1 contributes to ACFS the most (Figures 8a and 8c). On the contrary, At and Ag,, contribute most
to ACFS in the case of the injection at PX-2 (Figures 8e-8h). The degree of contribution of Ac,,, A7, and Ap on
the ACFS depends on factors such as the injected volume of fluid, hydraulic diffusivity, distance from the
well to the fault, and time of injection.

4.4. Temporal Evolution of ACFS

Figure 10 shows the variations of ACFS amplitude for all 21 cases (gray lines) that satisfy the ACFS ampli-
tude criterion (Figure 7, red squares) and have Dy, > Dpeq- With the determined values of D, all ACFS
values are maximized on 15 November 2017 for the period from 29 January 2016 to that day. ACFS starts
with 0.2 bar in January-February 2016 and reaches its maximum, at 0.3-2.2 bar, on 15 November 2017
(Figure 7). The 25th percentile, median, and 75th percentile are 0.4, 0.6, and 1.1 bar, respectively, on
15 November 2017 (Figure 10, red dashed and solid lines). The range of 0.4-1.1 bar is much lower than
the coseismic stress drop of ~20 bar (Song & Lee, 2019) but much greater than the stress perturbations from
natural sources (0.001-0.004 bar; Johnson et al., 2017).

4.5. Coulomb Failure Stress Change and Hypocenters on the Fault Plane

Figure 9a shows total ACFS reflecting the contributions from both PX-1 and PX-2 (computed with the same
values of D as Figure 5b), compared with the locations of earthquakes projected onto the fault plane. These
earthquakes are associated with injection at PX-2 (KGC, 2019; Woo et al., 2019), with the three largest that
occurred during injection events at PX-2 (JF16, MA17, and S17) shown as colored and crossed
circles (Figure 9a).

ACFS is positive in the southwest and deeper on the fault plane, and a boundary between the positive and
negative zones occurs roughly at the midpoint of the two wells (Figure 9a). The mainshock hypocenter deter-
mined by KGC (2019) is located in the positive region, southwest from PX-1 and PX-2 (Figure 9a, blue
crossed circle). Hong et al. (2018) also showed that the epicenter of the mainshock is located west of the well
positions (Figure 3). Overall, the earthquakes occurred most often in the region with positive At (Figures 8f
and 9).

We also calculate ACFS with an impermeable layer at the center of the fault, to reflect the possible existence
of a fine-grained fault gouge (Figure 4b). The thickness and D of this core (Dgore) are 10 m and 107° m?/s,
respectively, following the values reported by Ellsworth et al. (2019) and KGC (2019). Note that the ampli-
tude of ACFS is increased for the model with the core (Figure 9b). Nevertheless, the effect of including this
impermeable core in our model (Figure 9b) appears minor because the patterns of ACFS amplitude are

LIM ET AL.

13 0f 18

85UB01 7 SUOWILLIOD BAIIERID 3ol (dde ay) Aq peusenob a1e sejoie O ‘8sn JO Sa|n. oy Akeuq1 18U UO /8|1 UO (SUOIPUOO-pUR-SLUIBI WD A8 | 1M A1 1[eul [UO//S1Y) SUORIPUOD PUe SWLB | 38U} 88S *[£202/20/60] U0 A%eiqiT8uluO A8|1M '80U810S099) JO aIMHIsU| 8810 AQ LETETOSr6T0Z/620T OT/I0p/Lod A8 ARiqieuluo'sqgndnBe//sdny woly pepeojumod ‘9 ‘0202 ‘9SE669TZ



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB019134

—_
Q
~

(b)

[ =

o
I

N

o

S
I

200 — --of~-—-———- _

=y

o

53
I

Distance along dip (m)
3
o
I

400 —
L SW

soo—@el
RS

800 -
800 600 400 200 O -200 -400 800 600 400 200 O  -200 -400
Distance along strike (m) Distance along strike (m)

@
[=]
o

D Mw 3.2 (2017-4-15) (O Other earthquakes e r—
@ Mw 1.6 (2016-2-7) 2 -1 0 1 2

Figure 11. Coulomb stress change (ACFS) on the fault plane caused by injection at the wells PX-1 and PX-2. The
hydraulic diffusivities for bedrock and fault damage zone are Dypeq = 5 X 1074 mz/s and Dgmz = 1 X 1072 mz/s,
respectively (same as Figure 5b). (a) A snapshot of stress on 7 February 2016, when the Mw 1.6 earthquake, the largest
event during the injection event JF16, occurred. The other earthquakes before 22 August 2016 (KGC, 2019; Woo

et al., 2019) are shown as gray circles. (b) A snapshot of stress on 15 April 2017, when the Mw 3.2 earthquake, the largest
event during the injection event MA17, occurred. See Figure S8 for pore pressure, shear stress, and normal stress changes
by PX-1 and PX-2. The other earthquakes from 8 April 2017 to 18 May 2017 are shown as gray circles. No temporal
Gaussian filter is applied.

rather similar between the models with and without it (Figure 9). The distributions of Ac,,, Az, and Ap for the
two models are also similar but with slight differences in amplitude (Figure S7).

Figure 11 shows ACFS on the fault plane at two different times when the Mw 1.6 and 3.2 earthquakes
occurred on 7 February 2016 and 15 April 2017, respectively. Because the focal mechanisms of these earth-
quakes are similar to that of the mainshock, the receiver fault geometry is kept the same in our modeling.
The strike, dip, and rake of the Mw 1.6 earthquake are 208°, 58°, and 156°, respectively, and those of the
Mw 3.2 earthquake are 215°, 58°, and 128°, respectively (KGC, 2019; Woo et al., 2019).

The Mw 1.6 earthquake is located at the boundary between the positive and negative ACFS regions
(Figure 11a). Also, the locations of the smaller earthquakes are clustered in this boundary, with some in
the positive region (Figure 11a). On the other hand, the projected locations of the Mw 3.2 earthquake and
smaller earthquakes correlate well with the region of positive ACFS (Figure 11b). The Mw 3.2 earthquake
is located roughly in the midpoint between the wells, close to a spot where the amplitude of ACFS is highest
(Figure 11b). The amplitude of ACFS at the nearest grid point is 3.2 bar (Figure 11b). Also, at that point loca-
tion, Aoy, At, and Ap are —2.5, 2.0, and 4.6 bar, respectively. Therefore, At and Ap play a critical role in indu-
cing the Mw 3.2 earthquake.

5. Discussion

5.1. Delay in Earthquake Occurrence

The delayed occurrence of the Pohang earthquake, by 58 days after the last injection S17 or ~2 years after the
first injection JF16, is not explained by a model with high Dyeq (€.g., Dpeq = 10~% m?%/s used in Ellsworth
et al,, 2019, and KGC, 2019). With Dpeq = 107> m?/s and Dgm, = 107> m?/s, ACFS is maximized in
January-April 2017 and decreasing on 15 November 2017 (Figure S3). To understand the delayed response,
we suggest that low Dy,eq values, ranging from 1 X 10™* to 5 x 10~* m?/s (if Dpeq < Damy), effectively slow the
diffusion of Ap (Figure 7). A more elaborate poroelastic modeling scheme showed an increasing trend for
ACFS at the time of the mainshock (Chang et al., 2020), similar to our study results. Our estimated range
of Dyeq is within the end-member estimates from the numerical simulation, with high permeability range
(1 x 107'°-5 x 10™"* m?) or a value for D of 1-40 m?/s in a confined zone around the well position in
Pohang (at most 100 m; see Figure 4.7 of Yoo, 2018) and low permeability (4-7 x 10~*' m?) or a value for
D of 3-6 x 107° m?/s for the intact granodiorite gneiss (Morrow et al., 1994).

LIM ET AL.

14 of 18

85UB01 7 SUOWILLIOD BAIIERID 3ol (dde ay) Aq peusenob a1e sejoie O ‘8sn JO Sa|n. oy Akeuq1 18U UO /8|1 UO (SUOIPUOO-pUR-SLUIBI WD A8 | 1M A1 1[eul [UO//S1Y) SUORIPUOD PUe SWLB | 38U} 88S *[£202/20/60] U0 A%eiqiT8uluO A8|1M '80U810S099) JO aIMHIsU| 8810 AQ LETETOSr6T0Z/620T OT/I0p/Lod A8 ARiqieuluo'sqgndnBe//sdny woly pepeojumod ‘9 ‘0202 ‘9SE669TZ



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB019134

Although our modeling is based on the classical friction model (i.e., constant static and dynamic coeffi-
cients), the rate-and-state friction model can be used to rationalize the observed 2 month delay between
the last injection and the Pohang earthquake. Dieterich (1994) established a concept of seismicity rate on
the rate-and-state friction model. The rate-and-state friction can delay an increase in the seismicity rate com-
pared to an earlier peak of ACFES (Dieterich, 1994; Segall & Lu, 2015). In particular, Segall and Lu (2015)
observed that the seismicity rate can be delayed by a few days with respect to the peak of the ACFS. We note
that the delay due to the rate-and-state friction is sensitive to the empirical constitutive frictional parameter
and the background stress state, both of which have a large uncertainty.

5.2. Amplitude Threshold of ACFS

In our analysis, we show that the Pohang earthquake can occur when the amplitude of ACFS reaches 0.4-
1.1 bar (Figure 10, 25th and 75th percentiles). Given the setup of our model, the range of 0.4-1.1 bar is likely
to be a threshold for the occurrence of this earthquake at the hypocenter where the rupture begins. This
range is broadly bounded by the average stress drop of ~20 bar constrained by static slip inversion using
InSAR data (Song & Lee, 2019) and the stress field created by natural processes such as hydraulic surface
loading (i.e., rain and snow), thermal expansion, atmospheric pressure, and tide (Johnson et al., 2017).
For instance, the three most significant factors in California, USA, are the hydraulic (ACFS ~ 0.015 bar),
atmospheric (0.004 bar), and thermoelastic sources (0.001 bar; Johnson et al., 2017). Also, our ACFS ampli-
tude range is substantially higher than the static ACFS caused by the 2016 Mw 5.5 Gyeongju earthquake
(South Korea's largest earthquake during the instrumental period; Kim et al., 2017; Grigoli et al., 2018)
which occurred on 12 September 2016, 42 km from the epicenter of the Pohang earthquake. The static
ACFS was only 0.005 bar at the hypocenter of the 2017 Pohang earthquake (Grigoli et al., 2018; Hong
et al., 2018). This amplitude range (0.4-1.1 bar) that we have determined is higher than that of other studies,
which may imply that the poroelastic stressing due to injection is the most critical mechanism affecting the
occurrence of the earthquake. In addition, we demonstrated in Figure 6 that, for either individual well, injec-
tion at PX-2 is a larger contributing factor to the occurrence of the Pohang earthquake. This is not surprising
because PX-2 has a larger volume of injected fluid (1,695 m? at PX-1 and 4,146 m® at PX-2; Figure 2).

5.3. Amplitude of ACFS and Magnitude of the Pohang Earthquake

The ratio of the induced stress change (or Ap) to the stress drop (e.g., Foulger et al., 2018; Gupta, 2002) can be
considered a measure of the anthropogenic contribution to the Pohang earthquake occurrence. In many
cases, induced earthquakes are associated with much smaller anthropogenic stress change than preexisting
tectonic stress (Gupta, 2002). Our modeling results show that the ACFS in November 2017 peaked at ~0.6 bar
(median), bounded by 0.4 and 1.1 bar (25th and 75th percentiles, respectively; Figure 10). For the Pohang
earthquake, the ratio of ACFS to the observed stress drop (~20 bar; Song & Lee, 2019) is 3% for the median
or a range of 2-6% for the percentiles.

The Mw 5.5 Pohang earthquake does not follow the relationship between the maximum magnitude and total
volume of injected fluid proposed by McGarr (2014). Considering the total fluid volume injected at the
Pohang EGS (5,841 m>), the predicted maximum magnitude (Myax) is considerably lower (3.5; Grigoli
et al.,, 2018; Kim et al., 2018). Thus, the Mw 5.5 event in Pohang is clearly an outlier in this prediction model
(McGarr, 2014). In that model, Ap induced by an injection is assumed to be equal to one half of the stress
drop. As the ratio of ACFS to the inferred stress drop is low for the Pohang earthquake, Myax may be under-
estimated. Furthermore, if the rupture propagates beyond the nucleated zone as a result of Ap, the magni-
tude may become even greater (Galis et al., 2017). Also, recent studies by Ellsworth et al. (2019),
KGC (2019), and Woo et al. (2019) support this viewpoint. Foulger et al. (2018) explored data sets from
218 cases and reported a few outliers from the relationship proposed by McGarr (2014).

We suggest that fluid injection to the basement probably enhanced the release of tectonic stress in Pohang,
similar to a case in Oklahoma, USA (Hincks et al., 2018). The focal depth of the Pohang earthquake is close
to the tip of the injection well (Figure 3c), and its depth is well within the range that exhibits slip-weakening
behavior (Marone & Scholz, 1988; Scholz, 1998). Most aftershocks (95%) are also distributed through the
basement layer (Figure 3c). Injection to the basement may thus be another prerequisite contributing to
large-magnitude events such as the Pohang earthquake.
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5.4. Previous Earthquakes in Response to Poroelastic Stress Changes

The low values of Dpeq (1 X 107%-5 x 10™* m?%/s; F igure 7, red squares) may be valid if slow fluid diffusion is
also applicable to earthquakes before the mainshock. As Figure S6 shows, the estimated ranges of Dyeq and
Dy, for the Mw 3.2 earthquake are quite similar to those for the mainshock (Figure 7).

Although the location of the Mw 3.2 earthquake has high uncertainties in depth (at most +10 km, 20) and
horizontal distance (at most 5 km, 95%) due to the limited presence or complete absence of nearby stations,
the epicenters determined by KGC (2019) and Woo et al. (2019) are very close to the median of our epicentral
pdf (Figure 3a). The projected location of the Mw 3.2 earthquake, and of smaller magnitude ones, onto the
fault plane correlates well with the region of positive ACFS (Figure 11b). That region around the Mw 3.2
earthquake is a result of Az and Ap due to injection at PX-1 and of Ar due to injection at PX-2
(Figures S8b, S8c, and S8f).

We also note that the locations of the Mw 1.6 earthquake and various smaller ones correlate poorly with the
positive ACFS region (Figure 11a). The observed stress perturbation for this event is small (Figure 11a), and
thus, an ambient tectonic stress or the mud loss to the amount of 650 m? at a depth of 3.8 km in PX-2 in
October-November 2015 (KGC, 2019) may have affected the pattern of ACFS to a greater degree.

5.5. Heterogeneity of Hydraulic Property Near/at the Wells

Previous studies (KGC, 2019; Yoo, 2018) suggested that PX-1 and PX-2 have different hydraulic properties.
While the critical pressure (attained when the ratio of the injection rate to the injection pressure is changed
significantly) of PX-1 is only ~200 bar (wellhead pressure), the critical pressure of PX-2 is ~800 bar during
its injection events (KGC, 2019; Park et al., 2017). KGC (2019) interpreted that such a difference might arise
from a difference in the fracture network created by high-pressure stimulation. Furthermore, Yoo (2018)
observed high permeability that was dependent on pore pressure, up to 1 x 107*°-5 x 10 m? (D = 1-
40 m?/s) in the region closest to the well. Although well-dependent and distance-dependent heterogeneities
can change the fields of ACFS, Aoy, Az, and Ap, such factors may not be essential to explain the observed
delay of the mainshock (58 days after the last injection and about 2 years after the first injection) if the hypo-
center is sufficiently distant from the near-well zone. The mainshock’s hypocenter is several hundred meters
from the wells (KGC, 2019; Woo et al., 2019). The observed high permeability during injection only persists
for, at most, 2 days at the wells and recovers to its initial low permeability (Yoo, 2018).

6. Summary

The 2017 Mw 5.5 Pohang earthquake in South Korea was the first reported and largest magnitude-induced
earthquake associated with the exploitation of deep geothermal energy and with a relatively small volume of
injected fluid. Considering the total fluid volume injected at the Pohang EGS, the predicted maximum mag-
nitude for the Pohang earthquake is considerably low at 3.5. Furthermore, the occurrence of such a large
earthquake ~2 months after the final EGS operation questions how critically the injected fluid affects the
stress state on a fault close to its failure conditions. In this study, we determine the range of the hydraulic
diffusivities for the bedrock and the fault damage zone based on the criterion that the Coulomb failure stress
should reach its maximum value on the day of the Pohang earthquake. The observed delay between each
injection event and the Pohang earthquake on 15 November 2017 can be explained by a low hydraulic dif-
fusivity of the bedrock values in the range 1 x 10™*-5 x 10™* m?/s with the fault damage zone structure
(5 x 107°-1 m?/s). In this range, the fluid injection can cause a Coulomb failure stress change of up to
0.4-1.1 bar, although this is still much lower than the average of the stress drop (~20 bar; Song & Lee, 2019).

Appendix A: Hypocenter Determination

We sample the pdfs of the hypocenters using the Bayesian hierarchical multiple-event location method
(bayesloc), applying corrections to the traveltime curve (i.e., one-dimensional velocity model) and different
weights to the measurements of the arrival times (Myers et al., 2007). This probabilistic approach permits the
resolution of absolute location and is robust against poor network configuration (Myers et al., 2007). In this
study, eight Markov chains are used to sample the pdf with 10,000 iterations, resulting in 4,000 chains at the
final iteration for an individual earthquake. The resulting posterior samples are used to estimate marginal
distributions, such as epicenters and probability regions (Myers et al., 2007).
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A total of 311 earthquakes that occurred between 22 December 2016 and 17 February 2018 is analyzed for
probabilistic earthquake relocation (Figure 3). We use two earthquake catalogs that were available from
the Korea Meteorological Administration and the study by Kim et al. (2018). Kim et al. (2018) reported six
foreshocks and 210 aftershocks in the 3 hr immediately after the Pohang earthquake. Using the bayesloc
method for the hypocenters of the aftershocks improves the accuracy of the locations of the mainshock
and also the previous earthquakes. Networks KS, KN, KG, K18, and G18 recorded the Pohang earthquake,
and networks PH and KG (temporary stations) only provided waveforms of the aftershocks, since they were
deployed a few days after the Pohang earthquake (Figure 1). See Figure S9 for a timetable of the seismic data.
In this study, we use the one-dimensional velocity model of KGC (2019), which is a composite based on an
active source survey less than 5 km from the injection wells for constraining the shallow-depth structure and
the regional velocity model of Kim et al. (2011) for the deep structure (Figure S10). To avoid interference due
to diffracted waves from the Moho (i.e., Pn and Sn), P and S wave arrival times from stations within 80 km of
the source region are manually measured from the vertical and transverse components of their raw seismic
waveforms, respectively.

K18 and G18, located at or near the EGS site (Figure 1), recorded the Pohang earthquake, and they are cri-
tical for reducing the uncertainties on its focal depth and epicenter location to less than 1 km. Excluding
their data (i.e., using only that from the permanent networks KS, KG, and KN in Figure 1) results in an
uncertainty exceeding 1 km for the epicenter location and of up to 8 km for the focal depth.

The standard deviation of the differences between the measured arrival times and fitted straight lines is
0.02 s for P wave at stations near to the EGS (networks K18 and G18) and 0.18 s for P wave and 0.66 s for
S wave at distant stations (<80 km; Figure S11). The deviations from the straight line indicate a level of
three-dimensional heterogeneity in the medium or errors in the measurements, contributing to an epicen-
tral uncertainty of the order of 1 km.
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