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Abstract

The November 2017 magnitude (MW) 5.5 Pohang, Korea, earthquake, induced by an Engineered 24 Geothermal Systems (EGS)
project, caused one fatality and “US$300M of economic 25 consequences. It has been proposed that a significant probability of
such losses was predictable 26 beforehand, from the small earthquakes caused by well-stimulation, so the project should have
27 been suspended, implying that its developer was remiss for not doing so. This argument depends 28 on the low (70.61)
estimated b-value of this earthquake population. However, it is shown that 29 many of the magnitude determinations are
inaccurate (underestimated) and the true b-value is 30 higher (1.12 for one subset). The probability of any earthquake as large
as MW=5.5, predicted 31 beforehand by extrapolation, was thus much lower than has been claimed. This analysis 32 highlights
the necessity of taking care over accuracy when reporting datasets like this, especially 33 in situations where such analyses

might influence criminal trials of EGS developers.
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Key Points:

e The Pohang EGS project in Korea is the first to have caused an induced earthquake as
large as My 5.5, with fatal consequences.

e The previously-reported low b-value of the earthquakes from the well stimulation is an
artefact of a mixed set of magnitude determinations

e Proper calibration and transparent reporting of such datasets is essential; their results
might influence criminal trials of EGS developers
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Abstract

The November 2017 magnitude (M) 5.5 Pohang, Korea, earthquake, induced by an Engineered
Geothermal Systems (EGS) project, caused one fatality and ~US$300M of economic
consequences. It has been proposed that a significant probability of such losses was predictable
beforehand, from the small earthquakes caused by well-stimulation, so the project should have
been suspended, implying that its developer was remiss for not doing so. This argument depends
on the low (~0.61) estimated b-value of this earthquake population. However, it is shown that
many of the magnitude determinations are inaccurate (underestimated) and the true b-value is
higher (1.12 for one subset). The probability of any earthquake as large as My=>5.5, predicted
beforehand by extrapolation, was thus much lower than has been claimed. This analysis
highlights the necessity of taking care over accuracy when reporting datasets like this, especially
in situations where such analyses might influence criminal trials of EGS developers.

Plain Language Summary

The continuing development of geo-engineering technologies involving fluid injection into, or
production from, the subsurface, requires robust procedures for establishing liability for
consequences of large anthropogenic earthquakes. Scientific outputs that may contribute to such
assessments, and might indeed feature in legal actions against developers who are held
responsible, include magnitudes of populations of small earthquakes. It is therefore essential to
ensure that such outputs are accurate.

1 Introduction

The Pohang EGS project has been thoroughly described (e.g., Lee et al., 2011; Yoon et
al., 2015; Grigoli et al., 2018; Kim et al., 2018; Ellsworth et al., 2019; Hofmann et al., 2019; Lee
et al., 2019). In summary, well PX-1 was initially drilled vertically, then side-tracked ~600m
WNW at ~4.2km depth. Vertical well PX-2 reaches a similar depth; in November 2015, during
its drilling, mud-loss, accompanied by small earthquakes, occurred into what proved to be the
seismogenic fault of the November 2017 Mw=5.5 earthquake, named the Namsong Fault.
However, this 2015 seismicity, which indicated that this fault was critically-stressed, went
unrecognized, the temporary seismograph network around the EGS site being not yet
operational. This seismicity was recognized later (Kim et al., 2018) when archived data from
station PHA2, ~10km north of the site, were examined. PHAZ is part of a network of permanent
stations operated by the Korea Meteorological Administration (KMA) to monitor regional
seismicity. KMA determines magnitudes (designated here as M) using a non-standard
procedure, routinely reporting events with M>2.0. Five stimulations took place to create a
hydraulic connection through the granite between the wells: in PX-2 in February 2016, April
2017, and September 2017; and in PX-1 in December 2016 and August 2017. This EGS project
was implemented by Korean organizations led by the Pohang Geothermal Power Co., a
subsidiary of NexGeo Inc. (www.nexgeo.com), who were responsible for all activities. My
involvement arose because the August 2017 stimulation was part of project DESTRESS, funded
by the European Commission Horizon 2020 programme.
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Figure 1. Earthquake populations caused by stimulation of Pohang well PX-2 and Gutenberg-
Richter law fits. (a) As reported by Langenbruch et al. (2020), with a=1.75 and b=0.607. (b-d)
Potential revisions for M 1=M_o=2: (b) For K=1/10g109(20)~0.769; a=2.4 and b=1; (c) For
K=0.64; a=2.7 and b=1.12; (d) For K=0.36; a=4.5 and b=2.

The Korean government appointed a commission to investigate if this EGS project
caused the My=>5.5 earthquake, NexGeo being thereby required to disclose project data. These
data, plus other evidence including from station PHAZ2, informed the commission report (Kim et
al., 2019); commission members have also used this dataset in publications (e.g., Ellsworth et al.,
2019; Woo et al., 2019; Langenbruch et al., 2020). In contrast, much of this dataset was
unavailable to DESTRESS participants, who have nonetheless developed much of the current
understanding of this earthquake, notably for aspects unexplored by the commission (e.qg.,
Grigoli et al., 2018; Hofmann et al., 2019; Westaway and Burnside, 2019; Westaway et al.,
2020). The impression thus created, of commission ‘carthquake detectives’ exposing blunders by
bumbling project participants (e.g., Baraniuk, 2019), is not the whole story. The probable cause
of the Mw=5.5 earthquake was the effect of injected surface water entering the Namsong Fault
and dissolving minerals, bringing it closer to the condition for slip (e.g., Westaway and Burnside,
2019; Westaway et al., 2020), a mechanism unrelated to the small events during the stimulations.

Probabilities P of large-magnitude earthquakes can be predicted by extrapolation of the
‘tails’ of small-event populations (e.g., Smith, 1981). Numbers, N, in any population are
expected to follow the Gutenberg-Richter law N(M>My,)=10°x10"™ where a and b are
constants. Langenbruch et al. (2020) propose very low b-values for the Pohang well-stimulation
dataset: 0.607+0.068 for PX-2 (Fig. 1(a)(i)); 0.762+0.127 for the smaller PX-1 population. For
the PX-2 population, this implies estimates, ahead of the My=5.5 earthquake, of P ~5% and ~1%
for magnitude >5.0 and >6.0 events (Fig. 1(a)(ii)). Langenbruch et al. (2020) have integrated
such extrapolation with a model for probabilistic calculations of earthquake-damage. They
concluded that as early as the February 2016 PX-2 stimulation the EGS developers might thus
have identified a significant risk (e.g., P ~1% for magnitude >5.0), even though the largest
earthquake by then had My, only ~1.6 (Woo et al., 2019). However, this conclusion depends
critically on the low b-value. Induced earthquake-populations instead typically have b>1 (e.g.,
for ten populations considered by Dempsey et al., 2016, b spanned 1.1-2.0 with a ~1.4 median),
casting doubt on the Langenbruch et al. (2020) analysis.

My role in the August 2017 PX-1 stimulation was to determine My values to implement
the ‘traffic light’ protocol. To facilitate this, the local station network was supplemented by a
geophone-chain in well PX-2 (Hofmann et al., 2019). A processing workstation had been
established, using InSite software (Itasca Consulting Ltd., Shrewsbury, England) but, although
events caused by the first three stimulations had been located, no magnitudes had been
determined; the software had rejected the amplitudes of imported seismograms as implausible,
because of incorrect calibrations (conflating digital counts and volts). Thus, at this time the only
magnitudes available were those reported by KMA for M>2.0 events: at 20:31 on December 22,
2016 (Mg 2.2), 12:32 on December 29, 2016 (Mg 2.2), and 02:31 and 08:16 on April 15, 2017
(Mg 3.1 and 2.0), insufficient to determine a b-value.
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The August 2017 ‘traffic light’ protocol required actions at My >1.0, >1.4, >1.7 and >2.0
(Hofmann et al., 2019). Signal amplitudes at one local surface station, MSS-01 (~1.8km north of
the site), initiated alerts. Data were then processed to determine hypocenters, focal mechanisms,
and seismic moment Mo, then My after Hanks and Kanamori (1979). Along with smaller
earthquakes, this procedure determined My=1.4 and 1.8 for events at 04:58 and 21:42 on August
13, 2017. The latter event triggered a ‘red’ traffic-light action, ending injection and initiating
flowback. Re-analysis of this dataset for the Hofmann et al. (2019) publication provided
Mw-values for 52 events. It yielded My 1.20 and 1.93, rather than 1.4 and 1.8, for the events that
influenced the stimulation, this high consistency arising because both analyses applied standard
procedures in a valid manner. The Hofmann et al. (2019) earthquake population has b=1.12 (Fig.
2(a)), well above the 0.76 reported by Langenbruch et al. (2020) for PX-1 stimulations. In
contrast, for the 21:42 event, Kim et al. (2019) and Woo et al. (2019) reported Mw=1.21 along
with local magnitude M =0.67, Langenbruch et al. (2020) also reporting M =0.67. Such
discrepancies require resolution before any resulting b-values are considered reliable.

(b)

Figure 2. The earthquake population associated with the August 2017 stimulation of Pohang
well PX-1, as reported by Hofmann et al. (2019). (a) Gutenberg-Richter law fit for a=1.55 and
b=1.12. (b) Peak ground velocity V in um s™ at seismograph station MSS-01 versus My for the
earthquakes in (), including line of best fit for V=CxM\y" with C=10 and D=1.3, for which a
unit increase in My correlates with a ~20-fold increase in V.
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2 Reconciling magnitude and b-value determinations for Pohang earthquakes

Key to reconciling such discrepancies, it is suggested, are the different sampling intervals
of the various stations. The Pohang local network and downhole geophone chain recorded every
1ms, the instruments at PHA2 every 10ms. Both sets of records were digitally filtered to remove
signal above the Nyquist frequency fy, >50 or >500Hz, respectively. From standard theory
(Eshelby, 1957), Mo=(16/7)xAcxa® with Ac the coseismic stress drop and a the radius of the
earthquake source. This formula assumes the ratio of seismic velocities Vp/Vs=V3 (i.e., Poisson’s
ratio 0.25); formulas for more general rock properties are available (e.g., Westaway and
Younger, 2014). Many workers have modelled earthquake sources with flat displacement spectra
below a corner frequency fc, above which spectral displacement tails off (e.g., Brune, 1970; Sato
and Hirasawa, 1973; Madariaga, 1976; Kaneko and Shearer, 2014; Madariaga and Ruiz, 2016).
In general, fc*=k*xVs/a where * denotes P- or S-waves. Combining these formulae gives
fo*=(k*xVs)x(16xAc/(7%xMo))**. For the Pohang granite, Vs=3305m s (Hofmann et al., 2019)
or 3310m s™ (Woo et al., 2019). Woo et al. (2019) determined Ac=5.6MPa for the My=5.5 event
and assumed the same value for smaller events.

This theory can be applied, using Ac=5.6MPa and Vs=3305m s™, with kp=0.38 and
ks=0.26 for sources that rupture at speed Vr=0.9xVs (Kaneko and Shearer, 2014). Thus, for
Mw=2.0, Mo=1.12x10"N m, fcp=28Hz and fcs=19Hz. For My=1.5, Mo=2.00x10"'N m,
fcp=50Hz and fcs=34Hz. For Mw=1.0, Mo=3.55x10"°N m, fcp=89Hz and fcs=61Hz. For
Mw=0.5, Mo=6.31x10°N m, fcp=159Hz and fcs=109Hz. For My=0.0, Mp=1.12x10°N m,
fcp=283Hz and fcs=193Hz. Other studies propose higher ke and ks, for example Sato and
Hirasawa (1973) reported kp=0.42 and ks=0.29 for Vr=0.9%Vs. Higher values also arise for
Vr>0.9xVs; for example, the Brune (1970) source model, which assumes instantaneous rupture,
has ks=0.37. Furthermore, the aforementioned values are averaged over the focal sphere; Kaneko
and Shearer (2014) reported that, for VR=0.9xVs, kp and ks peak at 0.73 in some directions,
which would indicate fcp=fcs=54Hz for M\w=2.0. This analysis indicates the impact of the long
sampling-interval for station PHA2 on the accuracy of magnitude determinations for My<~2.0.

Furthermore, ‘detective work’ is needed to understand the magnitudes determined by Lee
et al. (2019), Woo et al. (2019) and Lachenbruch et al. (2020). Thus, Lee et al. (2019) reported
98 events spanning November 2015-November 2017, including the My=5.5 mainshock; for all
these they reported My, for 46 events they also reported M. Woo et al. (2019) reported the same
98 M| and 46 My determinations. They explained that for 40 events they determined M_
conventionally, synthesizing the response of a Wood-Anderson seismograph and applying the
Sheen et al. (2018) regional M, formula, listing these 40 ‘template events’ (TES) (excluding the
mainshock) in their supplementary Table S2, 39 of them (including the mainshock) being
included in the 98 catalogued. For the other 59 events, Woo et al. (2019) determined magnitudes
by template matching (TM) seismograms from PHAZ2, these magnitudes being designated here as
M~. Peng and Zhao (2009) stated that TM is calibrated assuming one magnitude unit indicates a
ten-fold S-wave amplitude-ratio. Woo et al. (2019) thus, effectively, used the formula
M1=M_t-logio(AL/At) where M1 is M, for whichever TE was used to determine each M+, and
AL/A+ the S-wave amplitude-ratio at PHA2 for the two events. The 98-event Woo et al. (2019)
catalogue is thus a mix of Mt and true M, values, all reported as M, . Two of their 46 My values
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were determined in the frequency-domain using seismograms from PHAZ2: S-wave spectra for
the mainshock (Mw=5.56); P-wave spectra for the largest event during the stimulations, at
02:31:13 on April 15, 2017 (M 3.29). The other 44 (reported as Myy 0.58-2.72) were by time-
domain integration of P-wave signals, after Tsuboi et al. (1995), again using PHAZ2 data.

Langenbruch et al. (2020) reported a 234-event catalogue spanning February 2016-
November 2017. This includes the Mw=5.5 mainshock and 37 of the Woo et al. (2019) TEs, all
with the same M, values, plus their 59 M+ values and 137 ‘new’ events. For each of the latter
196 events, Langenbruch et al. (2020) reported M+, which for the 59 events in common differed
from the Woo et al. (2019) M+ values by <0.2 units. However, for the 04:58 event on August 13,
2017, for which Langenbruch et al. (2020) reported Mt=-0.42, well below the definitive
Mw=1.20 (Hofmann et al., 2019), there is evidently a substantial discrepancy.

Langenbruch et al. (2020) stated that to ensure reliable b-values they used a uniform
catalogue of M| values, but this is clearly not so; they used a mix of 38 M and 196 M+ values.
The accuracy of their M values is questionable because the Sheen et al. (2018) formula for M
in Korea, which they used, was not calibrated for M <2.0 and was based on few data for source-
station distances <10 km, it being designed (to supersede M) for application to larger
earthquakes at regional distances. Also, the determination of M+, equating a ten-fold S-wave
amplitude-ratio to one magnitude unit, is unsupported by theory, especially as the PHA2 data are
bandwidth-limited (i.e., fy<~fc). Furthermore, for the August 2017 earthquake population, which
was not bandwidth-limited (i.e., fy>>fc) the ratio at MSS-01 is anyway ~20 (Fig. 2(b)) not 10.
With this higher ratio, the Langenbruch et al. (2020) earthquake population is ‘compressed’ into
a smaller My range, causing a higher b-value (~1.0; Fig. 1(b)) and reducing the predicted
probabilities of M >5.0 and >6.0 events to ~0.3% and ~0.03%. The two Woo et al. (2019)
frequency-domain Myy values are evidently reliable, being comparable with other results (e.g.,
Grigoli et al., 2018; Kim et al., 2018). However, their time-domain values utilised a technique
that assumes broadband data (e.g., Tsuboi et al., 1995), and which, with fc>fy, can be expected to
underestimate true Myy values by increasing margins as My, decreases and fc increases. Woo et
al. (2019) used the ~1:1 relation between their My, and M+ to validate both determinations;
however, for the above-mentioned reasons, both might well diverge increasingly from ‘true’
magnitude values as the earthquakes become smaller. This underestimation is clear for the
August 13, 2017, events: at 04:58, where Langenbruch et al. (2020) reported M+=-0.43, well
below the definitive M\y=1.20 (Hofmann et al., 2019); and at 21:42, where Woo et al. (2019)
reported Mw=1.21 and M =0.67, well below the definitive My=1.93 (Hofmann et al., 2019).

The potential effect of miscalibration of Mt values, meaning ‘uncorrected’ values Mty
calculated using the formula Mty=M_t-log10(AL/AT), may be estimated as follows. The
‘corrected’ value M+ is intended to provide a true proxy for M, below some threshold Mo,
with M1c=M_1-Kxlogio(AL/AT) and K a constant. It follows that Mrc=(1-K)xM_ t+KXMry. If
K=1/l0og10(20), consistent with Fig. 2(b), b=1 and Fig. 1(a) adjusts to Fig. 1(b), whereas if
K=0.64 and b=1.12, as in Fig. 2(a), Fig. 1(a) adjusts to Fig. 1(c), the predicted probabilities of
M >5.0 and >6.0 events reducing to ~0.1% and ~0.01%. Other adjustments are also possible, for
example b=2 would arise from setting K=0.36, would yield Mt values for the August 13, 2017,
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events of ~1.1 and ~1.5, similar to the Hofmann et al. (2019) My values, and would reduce the
predicted probabilities of M >5.0 and >6.0 events to ~0.0003% and ~0.000003% (Fig. 1(d)).
However, because Langenbruch et al. (2020) have not reported the S-wave amplitude-ratios at
PHAZ that they used for their TM, nor which TE, and thus which M, value, was used to
determine which M+ values, no definitive ‘correction’ is possible.

3 Conclusions

Langenbruch et al. (2020) are correct to note that, in principle, populations of small
induced earthquakes can be extrapolated to determine probabilities of EGS projects causing
events large enough to be destructive, to estimate the resulting costs. This methodology might
usefully be adopted in future, possibly in association with regulatory guidelines or the
arrangement of insurance. However, the mixed nature of the complex dataset of direct and proxy
magnitude determinations for the Pohang earthquake population and the associated calibration
problems, some resulting from the low Nyquist frequency of the PHA2 records relative to the
corner frequencies of Myw<~2 events, cast doubt on the low b-values determined by Langenbruch
et al. (2020). The resulting high probabilities of destructive events (~5% and ~1%, respectively,
for magnitudes >5.0 and >6.0) are thus also called into question; with higher b-values, these
probabilities might be orders-of-magnitude lower. Aspects of the Pohang EGS project raise
cause for concern (e.g., Lee et al., 2019); some of its personnel are indeed under investigation for
prosecution for manslaughter. However, the criticism by Langenbruch et al. (2020) that they
failed to recognise unusually low b-values and their potential consequences is inappropriate.
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