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ABSTRACT: The 2017 Pohang earthquake (M| 5.4) ranks as the second-largest instrumental earthquake in the Korean Peninsula and
the country’s most destructive seismic event. The earthquake history of the Pohang area prior to the 2017 event is unknown due to
the absence of instrumental seismic activity and the lack of mapped Quaternary faults near the 2017 epicenter. The aim of the present
study is to identify evidence for previous earthquake ruptures along the surface projection of the seismogenic fault and interpret their
paleoseismic implications. The study involved comprehensive paleoseismological investigation, including geomorphic analysis, field-
work, drillhole surveys, trench excavation, and numerical age dating. Geomorphic analysis and drillhole surveys revealed two linea-
ments presumed to have originated from Quaternary faulting: NNE-SSW-striking Fault-1 and NE-SW to NNE-SSW-striking Fault-2. At the
excavation site of Fault-1, which is regarded as the seismogenic fault of the 2017 Pohang earthquake, stratigraphic features and numer-
ical ages show that the penultimate event occurred between 11 + 1 and 2.6 £ 0.1 ka and that the most recent event took place after 0.17
+0.01 ka. Combined results from two outcrops of Fault-2 give occurrence ages for the penultimate and most recent events of ca. 200
ka and between 148 + 7 ka and the analytical limit of "*C dating (> 43,500 BP), respectively. Our findings reveal that at least three seis-
mic events causing surface ruptures have occurred in the Pohang area during the late Quaternary before the 2017 Pohang earthquake.
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1. INTRODUCTION

The Pohang earthquake (M 5.4) occurred at 05:29 UTC on
15 November 2017 in southeastern Korea (Fig. 1a, b; KMA,
2018; USGS, 2019). The epicenter of the earthquake was located
in Heunghae-eup, Pohang City, in the central part of the Pohang
Basin, which was formed by the back-arc opening of the East
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Sea during the Miocene (Fig. 1b). The seismic event ranks as the
second-largest instrumental earthquake in Korea and constitutes
the most destructive earthquake in Korea since the start of
electronic instrumental recording in 1978 (Kim et al., 2018; KMA,
2018). Both the shallow focal depth of the earthquake sequence
(2-6 km) and the low strength of the fill in the overlying Pohang
Basin (< 900 m thick in Pohang Basin and 100-500 m thick in
the Heunghae area; for details, see Song et al., 2015) contributed
to the significant destructive effects in Pohang City. Intense
shaking, reaching up to Modified Mercalli Intensity (MMI) VIII
(KMA, 2018), persisted episodically until February 2018 (Kim
et al,, 2018, 2020) and caused extensive damage to buildings in
the Pohang area (Fig. 1¢, d), including collapsed walls and roofs,
cracked floors, and shattered windows (Kang, 2022; Kim et al.,
2023).
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Some studies have suggested that the occurrence of the Pohang
earthquake could have been related to fluid injection from an
enhanced geothermal system (Grigoli et al., 2018; Kim et al., 2018;
Ellsworth et al., 2019). This proposed mechanism was supported
by an investigation by the Korean Government Commission on
the Pohang earthquake (Korea Government Commission, 2019).
Generally, many earthquakes occur along inherited structures
(Rimando and Peace, 2021; Rockel et al., 2022; Kim et al., 2023),
and the Pohang earthquake was also a result of the reactivation
of previously unmapped inherited normal faults that formed
during the formation of the Pohang Basin (Choi et al,, 2019;
Kim et al., 2020; Ree et al., 2021). It is inferred that before the
earthquake sequence, the fault that generated the Pohang
earthquake was in a condition of high sensitivity to perturbations
in the stress field (Korea Government Commission, 2019).
Therefore, it is necessary to characterize the nature and distribution
of Quaternary faults in the Pohang area for a better understanding
of the Pohang earthquake, constrain the history of seismicity in the
area, and mitigate future earthquake hazards.

Here, we present new paleoseismological observations on
surface rupturing events along the projected trace of the seismogenic
fault that generated the 2017 Pohang earthquake. Although the
Pohang area had no instrumental and historical earthquakes
before the earthquake, and no Quaternary fault has been identified,
we aimed to identify the Quaternary fault responsible for the
2017 Pohang earthquake. To accomplish this, we conducted a
series of analyses (geomorphic, stratigraphic, and structural
analyses) of paleoearthquake surface ruptures at one trench site
and two outcrop sites, as well as drillhole investigations along
three lines (two new lines and one previously drilled line). Results
of these analyses allow us to define the spatiotemporal distribution
of paleo-surface ruptures in the Pohang area and to constrain
the paleoearthquake history.

2. GEOLOGICAL BACKGROUND
2.1. Miocene Pohang Basin

The Miocene sedimentary basins on the southeastern Korean
Peninsula comprise the Middle Miocene basins (the Pohang and
Ulsan basins) and the several Early Miocene basins (the Janggi,
Waup, Eoil, Haseo, and Jeongja basins, from north to south).
These basins formed in association with back-arc opening of
the East Sea (Fig. 1b; Yoon, 1986, 1997; Han et al,, 1987; Kim,
1992; Yoon and Chough, 1995; Son, 1998; Son et al,, 2013, 2015).
During the Early Miocene, the coastal regions located south of
the Ocheon Fault System underwent WNW-ESW to NW-SE
extension on account of NNW-SSE-directed dextral simple shear
(Cheon et al., 2012; Son et al., 2013, 2015; Kim et al., 2015). At
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that time, the Yeonil Tectonic Line (YTL), which is composed of
NNW-SSE-striking segments with dextral displacement and
NNE-SSW-striking segments with normal displacement, marked
the western limit of the deformation. Subsequently, during the
Middle Miocene, the YTL propagated northward, and subsidence
of the Pohang Basin commenced (Son et al., 2013, 2015; Song et
al,, 2015).

The Pohang Basin is a wedge-shaped basin that formed as a
result of NNW-SSE-directed dextral simple shear involving a
clockwise-rotating block to the east and a non-rotating block to
the west (Son et al., 2013, 2015; Yoon et al.,, 2014; Song, 2015; Song
etal, 2015). Coarse-grained fan-delta sediments are distributed
adjacent to the western marginal fault of the basin, whereas pelagic
to hemipelagic mudstones occur extensively in the central and
eastern parts of the basin (Yoon, 1975; Chough et al., 1990; Hwang,
1993; Noh, 1994; Hwang and Chough, 2000; Sohn et al., 2001;
Sohn and Son, 2004). Biostratigraphic studies indicate that
sediment deposition in the basin occurred during ca. 17-10 Ma
(Yoon, 1976a, 1976b; You et al., 1986; Kim, 1990, 1999; Byun and
Yun, 1992; Yi and Yun, 1995).

The Pohang Basin contains E-W- and NE-SW-striking intrabasinal
syndepositional faults. Yun et al. (1991, 1995) identified E-W-striking
conjugate faults on the basis of data obtained from fieldwork,
deep-drilling boreholes, biostratigraphy, and gravity surveys.
Those authors reported that the basin can be divided into northern,
central, and southern blocks on the basis of the distribution of
the E-W-striking faults. The central block extends deeper than
the other blocks owing to the pattern of conjugate normal faulting.
A compilation of drillhole data (Song et al., 2015) indicates a
gradual increase in basement depth toward the east, with abrupt
changes in specific sections related to NNE-SSW- to NE-SW-
striking syndepositional faults. Of these faults, the most prominent
is the Gokgang Fault, which is situated close to the epicenter of
the 2017 Pohang earthquake (Fig. 1b).

The direction of the Quaternary maximum horizontal stress
of the Korean Peninsula is an ENE-WSW, which results from a
combination of shallowing subduction of the Pacific Plate and
far-field stress of the India-Eurasia collision (Kim et al., 2016,
2023; Park et al,, 2016). During the past three decades, numerous
Quaternary fault outcrops associated with paleoearthquakes
(more than 90 sites) have been reported along major faults in SE
Korea (Kim and Jin, 2006; Kee et al., 2007; Choi et al., 2012; Jin
etal., 2013; Lee et al,, 2015, 2022; Cheon et al,, 2020, 2023; Song
et al,, 2020; Gwon et al,, 2021; Kim et al., 2023) and also along
minor faults in many parts of South Korea (Lee et al., 2017, 2023;
Shin et al., 2020; Kim et al., 2022). However, there is an overall
lack of mapped active faults within the Pohang Basin, except for
the Galgok site located in the southwestern marginal part of the
basin (Fig. 1b; Choi et al., 2012)
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Fig. 1. (a) Map of the present-day tectonics of East Asia, showing plates and their relative velocities (modified from Schellart and Rawlinson,

2010). Plate velocities are based on the Indo-Atlantic hotspot reference frame (O'Neill et al.,, 2005) and the relative plate motion model of

DeMets et al. (1994). (b) Map of the distribution of major faults, Miocene basins, and Quaternary fault outcrops in SE Korea (modified from

Son et al., 2015; Kim et al., 2016). PH: Pohang Basin, JG: Janggi Basin, WU: Waeup Basin, HS: Haseo Basin, JJ: Jeongja Basin, US: Ulsan Basin,

GGF: Gokgang Fault, YSF: Yangsan Fault, USF: Ulsan Fault, YTL: Yeonil Tectonic Line. (c) Map of seismicity of the 2017 Pohang earthquake

sequence (Kim et al., 2020). (d) Ground surface displacement map obtained from Interferometric Synthetic Aperture Radar (InSAR) data (Song
and Lee, 2019). Red dashed line represents the surface projection of seismic rupture.

2.2. The 2017 Pohang Earthquake et al., 2018, 2020; KMA, 2018; USGS, 2019). During the 100
days after the main shock, more than 3,000 seismic events with

The mainshock of the Pohang earthquake shows dextral dextral to reverse slip were recorded (from 10 November 2017
oblique-slip kinematics with a reverse component (Fig. 1c; Kim  to 20 October 2018) using a dense portable seismic array in the

https://doi.org/10.1007/s12303-024-0030-4
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source region (Fig. 1c; Kim et al., 2020). Focal depths of the
aftershocks range from 2 to 6 km, and their along-fault distribution
implies that the length of the main rupture is ca. 6 km (Fig. 1c).
The mainshock did not produce a distinct surface rupture.
However, damage at the ground surface, including ground cracks,
soft-sediment deformation structures (e.g., sand blows), and
slumps, occurred mostly within a ca. 3 km radius of the epicenter
(Fig. 1b; Gihm et al., 2018; Choi et al.,, 2019). Most of the sand
blows and ground cracks are distributed in hanging wall of the
seismogenic fault. Particularly, ground cracks are concentrated
along the NE-SW-oriented margin between mountainous areas
and rice fields, which marks the inferred surface projection of
the seismogenic fault. This pattern suggests distributed deformation
related to both ground shaking and blind rupturing, involving
reverse slip with related folding (Choi et al., 2019).

Interferometric synthetic aperture radar (InSAR) data indicate a
ca. 4 cm displacement near the epicenter (e.g., Choi et al., 2019;
Song and Lee, 2019). Figure 1d shows an InSAR image that
contains a NNE-SSW-oriented lineament that corresponds to
the surface projection of the seismogenic fault plane determined
through seismic data analysis. A linear slip inversion of the InSAR
data suggests an average coseismic slip of 15 cm during the
main rupture (Song and Lee, 2019).

The aftershock distribution and focal mechanism solutions
reveal the detailed geometry of the seismogenic fault zone, which
is composed of one main segment (MS; N36°E/64°NW) and four
subsidiary segments (SS1; N18°E/62°NW, SS2; N55°E/82°SE,
SS3; N58°W/84°SW, SS4; N29°E/87°SE) (Ree et al,, 2021). The
surface projection of the MS and SS1 coincide mostly with the
trace where surface deformation is detected by InSAR. We
therefore focused on the NE-SW-oriented deformation zone to
identify the Quaternary faults responsible for generating paleo-
surface ruptures in the Pohang area.

3. METHODS
3.1. Fault Tracing

To detect Quaternary fault traces, we utilized airborne-LiDAR
images (resolution of 0.5 m/pixel) collected in 2018 and aerial
photos from 1977. We first searched for lineaments that have
geomorphic markers along the surface projection of the seismogenic
fault. We then conducted a detailed field investigation based on
the geomorphic observations and described representative fault
outcrops. Drillhole surveys were conducted to detect the NNE-
SSW-oriented inferred trace of the seismogenic fault in area
where geomorphic evidence and outcrop data are rare. To identify
the Quaternary faulting activity, we focused on the abrupt
change in unconformity depth between the Miocene mudstone
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and the overlying unconsolidated Quaternary sediments. Three
fault-perpendicular drillhole profiles were obtained along the
inferred fault. Two drillhole profiles were obtained from this
study (with five points at intervals of ca. 10-20 m at each survey
line), and the other drillhole profile was obtained from reanalysis
of previously reported drillhole data (Korea Geotechnical
Information DB System, 2019).

3.2. Excavation

Results of topographic analysis and drillhole surveys were
used to determine the best location of a trench to identify direct
evidence of paleoseismological ruptures. The trench, measuring
10 m in length and 3 m in width, was oriented subperpendicular
to the NNE-SSW-striking fault trace. To enhance the precision
of trench-wall mapping, grid cells measuring 1 m 1 m were defined
using nylon string. Detailed mapping of trench walls enabled
unconsolidated strata to be classified on the basis of sedimentological
characteristics (ie., grain size, matrix-to-grain ratio, compactness,
roundness, sorting, and color) (e.g., McCalpin, 2009; Nichols,
2009). The unconsolidated deposits were categorized into distinct
units with respect to their relative ages and inferred paleo-
environments. We also described structural features, such as the
distribution, geometry, and kinematics of fault splays cutting
the young sediments.

3.3. Numerical Dating

The timings of the fault movements were constrained by
luminescence and radiocarbon dating on the sediments cut by
or covering the faults. The luminescence signal measurements
used a conventional Ris reader (Model: TL/OSL-DA-20) installed
at Korea Basic Science Institute (KBSI). For luminescence dating,
quartz OSL method based on the SAR procedure (Single-Aliquot
Regenerative-Dose) was used (Murray et al., 2000). For the
samples, natural quartz OSL signals of which were observed to
be in dose saturation level, K-feldspar pIRIR225 dating was
conducted using the procedure suggested by Buylaert et al.
(2009). The dose rates were estimated by measuring the
radionuclide concentrations of the sediments with a low-level
high-resolution gamma spectrometer at KBSI (Yeo et al., 2019).
The contributions of cosmic rays to total dose rates were
calculated using the equations given by Prescott and Hutton
(1994). Plants, charcoals and organic-rich sediments recovered
from the sediments were radiocarbon dated using AMS
(Accelerator Mass Spectrometry) facilities at Beta Analytic, US.
The conventional ages were calibrated to calendar ages using
the database INTCALI13 (Reimer et al., 2013).
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4. TRACING OF PALEO-SURFACE RUPTURES
4.1. Geomorphic Evidence

Owing to the relatively low strength of the bedrock (Miocene
hemipelagic mudstone) in the Pohang area, rapid weathering
and erosion processes have given rise to an overall low/subdued
and gently undulating topography (Wilson, 2004; Park et al.,
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2013), which makes it difficult to trace geomorphic evidence for
paleo-surface ruptures. The bedrock is overlain by unconsolidated
deposits, such as colluvium, alluvium, fluvial, and floodplain
deposits, as well as terrace deposits and sand dunes along the
coast (Fig. 2a).

Our topographic analysis revealed two NNE-SSW- to NE-SE-
oriented lineaments that are presumed to have originated from
Quaternary faulting processes. The first lineament (termed

elevation (m)

n
S

distance (m)

Line-D1

elevation (m)

distance (m) .

Fig. 2. (a) LIDAR image (obtained in 2017) and (b) aerial photograph (from the 1960s) showing the distribution of the Quaternary strata and
two lineaments in the study region. Drillhole localities and their basement depths (in m) are represented by white circles and values, respec-
tively. (c) Topographic profiles showing the vertical offset along each fault strand. (d) Results of drillhole surveys (south to north) showing
the change in depth of the upper surface of basement rocks. Vertical offsets indicate possible Quaternary fault activity along the lineaments.

https://doi.org/10.1007/s12303-024-0030-4
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“Fault-1) is expressed as a weakly developed linear valley striking
N26°E (Fig. 2a, b). The northeastern part of the lineament extends
through a broad floodplain, and the southwestern part has been
erased by urbanization. The location and orientation of the
lineament are consistent with the inferred surface projection of
the blind seismogenic rupture based on InSAR data and the
focal depths and distribution of the aftershocks. Profile A-A’ in
Figure 2c shows a 1-m-high vertical scarplet with a northwest-
side-up geometry. The second lineament (termed “Fault-2)
branches from the first lineament and strikes N55°E in its
southwestern part and N30°E in its northeastern part. The block
immediately to the southeast of the second lineament exhibits
generally higher topography than that of the block immediately
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to the northwest. Profiles B-B’ and C-C’ in Figure 2c show vertical
scarplets with heights of 1.7 m and 1.4-4.4 m, respectively,
indicating a southeast-side-up geometry (Fig. 2¢). In sections
4.2 and 4.3 below, we describe the paleoseismological features of
Fault-1 and Fault-2, respectively.

4.2. Paleoseismological Features of Fault-1

4.2.1. Excavation site

The excavation site (Site-E1: 36°6'12.84"N, 129°23'38.52"E) is
located in the central part of Fault-1. Near the site, numerous
NNE-SSW- to NE-SE-oriented ground cracks and slump structures
are observed in artificial fill of the northwestern block of the

Splay 1-1 (N52'E/44°S,

Splay 1-2 (NT1°E/

Splay 2 (N61°E/28°NW)

Splay 4 (N83'E/42'SE)

Fig. 3. Photographs of the southwestern wall (upper) and northeastern wall (lower) of the trench at Site-E1. Yellow circles and blue circles
represent OSL and "C sampling points, respectively, with labels showing ages. The detailed results of OSL and 'C dating are given in Tables

1 and 2.

https://doi.org/10.1007/5s12303-024-0030-4

https://www.springer.com/journal/12303



Paleoseismic records along the surface projection of the 2017 Pohang earthquake

fault. We designed and excavated a NW-SE-oriented slot-type
trench (10 m long x 3 m wide x 2.5 m deep). On the exposed
walls, we identified four unconsolidated sedimentary units (units
10 to 40 from top to bottom), displaced by four reverse-fault splays
showing conjugate geometry (splays 1 to 4 from SE to NW)
(Fig. 3) Here, we describe the characteristics of the strata and
fault splays, as well as the results of OSL and *C age dating of the
Quaternary sediments.

Unit 40, the lowest layer, is composed of very poorly sorted,
matrix-supported pebbles, which were derived from the Miocene
hemipelagic mudstone. Unit 30, which has a wedge-shaped cut-
and-fill geometry, comprises well-sorted, matrix-supported cobble
to pebble gravels. Unit 20 consists of dark-brown coarse-grained
sand, and unit 10 is composed of yellowish-brown medium-
grained sand. Splay 4 transects unit 40 but not unit 30. The
conjugate reverse-fault splays (splays 1 to 3) cut all units and
show vertical offsets of 0.13, 0.14, 0.89 m with respect to the
lower boundary of Unit 10. Each fault splay is characterized by a
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slip zone that is a few millimeters wide, consists of clay gouge,
and shows striations indicating reverse slip (Fig. 4).

The boundary between units 40 and 30 is interpreted as a
horizon corresponding to the penultimate earthquake (PE) on
the basis of the cross-cutting relationships between splay 4 and
the transected and overlying units. Splays 1 to 3, which cut Unit
10, were activated during the most recent earthquake (MRE)
event. To constrain the timings of these faulting events, seven
OSL samples and nine radiocarbon samples were collected from
each unit (Fig. 3; Tables 1 and 2). The suitability of quartz OSL
signal properties of the samples for SAR procedure was tested
by dose recovery experiment, which is now widely taken as a
prerequisite essential for D, estimation (Wintle and Murray,
2006). As presented in Figure 5, the doses given to each sample
as natural surrogates were well recovered within 10% of unity
using a SAR procedure with a preheat of 240 C for 10 s (for
main regeneration dose signal measurements) and a cut-heat to
220 C (for test dose signal measurements), the size of given

Fig. 4. (a) Close-up photograph of F1 (location shown in Fig. 3). (b) Striations on the fault surface indicating a dominant reverse slip sense.
Dashed and solid lines indicate the strike of the fault plane and the movement direction of the missing fault block, respectively. (c) Polished
slab that contains F1, showing a few mm wide gouge zone along the main slip zone and a branched slip zone.

https://www.springer.com/journal/12303

https://doi.org/10.1007/s12303-024-0030-4



602

Seongjun Lee, Jong-Won Han, Sangmin Ha, Jeong-Heon Choi, Yeong Bae Seong, Tae-Ho Lee, Hee-Cheol Kang, and Moon Son

Table 1. Dosimetry, equivalent doses and quartz OSL ages of the samples from the site-E1

Sample Water content® Dose rate (Gy/ka) DY Age e
(%) Beta (dry) Gamma (dry) Cosmic® Total® (wet) (Gy) (ka)

1812GOK-01 33 2.33+0.09 1.49 £ 0.07 0.12+0.01 2.86 £ 0.09 31+1 11+1 15
1812GOK-02 39 2.19+£0.09 1.43£0.07 0.12+0.01 2.59 £0.08 6.7+£0.3 26+0.1 24
1812GOK-03 38 2.22+£0.09 1.53£0.07 0.13£0.01 2.70 £0.08 3703 14+0.1 24
1812GOK-04 43 2.15+0.08 1.43 £0.06 0.14+0.01 2.50 £ 0.07 38104 1.5+02 24
1812GOK-05 30 2.27 £0.09 1.52£0.07 0.17£0.02 2.94 +0.08 1.2+£0.2 04+0.1 23
1812GOK-06 34 2.00 £0.08 1.41 £0.07 0.17£0.02 2.60 = 0.08 24+0.1 09+0.1 24
1812GOK-07 33 2.08 £0.08 1.46 £0.07 0.19+0.02 2.72 +£0.08 047+0.02 0.17+£0.01 24

@Present water content.

®The cosmic ray contributions to the total dose rates were calculated using the equations given by Prescott and Hutton (1994).

©The final total dose rates were derived based on present water content.

@Central age model D, + 10 standard error.
©Number of aliquots used for statistical analysis.
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Fig. 5. Dose recovery results on the samples from Site-E1. In this
experiment, six aliquots for each sample were first bleached with a
UV lamp (SOL2) for 1000 s. Following an intervening storage at room
temperature for 10000 s, in order to allow charges in the shallow
traps to thermally decay, the aliquots were bleached again for another
1000 s. Then, the doses, similar to De values of each sample, were
administered as natural surrogates (given dose). The SAR procedure
with preheats of 240 °C (260 °C for the sample 1812GOK-01) for 10
s and a cut-heat to 220 °C was used to measure the given dose.

doses set to be similar to D, values of the samples; Note that, for
the sample 1812GOK-01 that is thought to be the oldest at this
site, the preheating was at 260 C for 10's.

All seven samples for OSL dating show excellent IR test and
dose-recovery test results, and the OSL ages are concordant
with the stratigraphic sequence. The OSL ages constrain the
timing of the PE event to between 11 + 1 and 2.6 + 0.1 ka. The
MRE event that cuts Unit 10 occurred after 0.17 + 0.01 ka. *C
dating yielded ages that are younger than the OSL ages and/or
that do not match the stratigraphic sequence. On the basis of the
obtained numerical ages and stratigraphic features, we attribute

https://doi.org/10.1007/s12303-024-0030-4

Table 2. "C ages of the samples from the site-E1

. “Cage®  Calibrated "C age®
Sample Material (yr BP) (Cal yr BP)
1812GOK-01-C plant 150 30 284-0
plant 170 30 291-0
1812GOK-02-C
sediment 350 30 492-315
1812GOK-03-C charcoal 1,130 30 1,173-962
plant 180 30 298-0
1812GOK-04-C
sediment 1,140 30 1,174-969
1812GOK-05-C charcoal 2,750 30 2,925-2,770
1812GOK-06-C charcoal 990 30 961-798
1812GOK-07-C charcoal 240 30 424-0
1812GOK-08-C plant 0
1812GOK-09-C charcoal 4,550 30 5,318-5,053

@Uncertainties are given in 20 standard errors.

the difference between the ages obtained by OSL and “C to
post-sedimentation process that affected the carbonized or
organic matter, such as the downward growth of plant roots
and/or reworking of these materials, rather than the effect of
incomplete bleaching of the OSL signal.

4.2.2. Drillhole profiles

To trace Fault-1, which is mainly covered as a result of
urbanization and agricultural activity, we carried out drillhole
surveys along two lines (Lines-D1 and -D2). In addition, we
reanalyzed previously acquired borehole cores from the Pohang
Yeongilman New Port Railway Construction Project to help trace
the fault (Line-D3) (Korea Geotechnical Information DB System,
2019). All survey lines were oriented subperpendicular to the
inferred fault trace (Fig. 2a).

The location of Line-D1 in the southwestern part of Fault-1
corresponds to that of topographic profile A-A in Figure 2c.
This line has five boreholes that are spaced at intervals of 10 to



Paleoseismic records along the surface projection of the 2017 Pohang earthquake

20 m (Fig. 2a), which consistently show that the unconformity
between the Miocene strata and overlying sediments occurs ata
depth (from the ground surface) of 3 m. Similar to the 1-m-high
scarplet observed in topographic profile A-A the drillhole
profile also suggests the Quaternary activity on the fault (Fig. 2c,
d). Line-D2 is located in the northeastern part of Fault-1 (Fig.
2a). The drillhole profile generated from five boreholes shows
unconformity depths of 12 m and 7 m in the southeastern and
northwestern blocks, respectively (Fig. 2d). The profile obtained
from Line-D3 also shows an abrupt change (of > 15 m) in the
depth of unconformity at a specific point (Fig. 2a, d). In summary;,
borehole data and geomorphic observations show that the
northwestern block is much higher than the southeastern block.
Our findings indicate that the vertical relief observed at the
surface and in the subsurface is related to the Quaternary fault
movement rather than differential erosion, because both sides
of this fault are made up of the same mudstone and there is no
big drainage network parallel to the fault.

4.3. Paleoseismological Features along Fault-2

4.3.1. Outcrop 1

The Quaternary fault splays are evident at an outcrop (Site-
O1: 36°6'44.45"N, 129°24'46.57"E) along the northeastern section
of Fault-2 (Figs. 2a and 6a). The unconsolidated sedimentary
units that overlie the Miocene hemipelagic mudstone are displaced
by fault splays. The unconsolidated sediments comprise layers
of intercalated fine to medium sand and well-sorted, disk-shaped
pebbles, which indicate beach deposits. The sediments can be
categorized into four units (units 10, 20, 30 and 40 from top to
bottom) on the basis of grain size, and each unit is subdivided
into subunits according to the presence of pebble clasts. Except
for the Unit 10, representing the topsoil, the sediments exhibit a
sequence of alternating beach sand and pebbles, indicative of a
coastal environment. The division of units 2040 is determined
by relative dominance of sand or pebbles. Within each of these
units, smaller-scale layers of sand and pebbles are subdivided
into subunits such as 21, 22, and 23.

The exposed fault (main splay) branches into three fault splays
toward the ground surface (splays 1 to 3). These splays have
orientations of N72-79°E/24-83°SE. The main splay in the Miocene
mudstone has a low dip angle, but the branched splays cutting
the unconsolidated strata show mostly high dip angles. The
branched fault splays show different deformation characteristics.
Splay 1 propagated in Units 43 to 33 and terminates as a fault-
related fold. Splay 2 transects up to Unit 33 but does not reach
Unit 32. The unconformity between bedrock and overlying
unconsolidated strata is vertically offset by splay 1, by 0.95 m. A
polished slab that contains splay 2 shows a fault-drag zone and
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slickenlines on the surface of the splay, indicating reverse slip
(Fig. 6d, ). Splays 1 and 2 terminate in Unit 33. Splay 3, which
bifurcates and has a vertical offset of 0.08 m, propagates and
terminates in Unit 21. A polished slab that contains splay 3
reveals clasts truncated by the fault with an offset of a few
centimeters, as well as a fault-drag zone, indicating reverse
slip (Fig. 6b, c).

Our findings suggest that the boundary between Units 33 and
32 is the horizon corresponding to the PE and that the MRE
event occurred after the deposition of Unit 21. To constrain the
timings of faulting events, we undertook quartz OSL and K-
feldspar pIRIR,; dating of samples from Units 43, 41, 32, and
21 (Fig. 6; Table 3). All samples exceeded the OSL age limit, but
K-feldspar pIRIR,,s dating yielded ages of 224 + 8,196 + 9, 231
+ 12, and 152 + 5 ka for these four units, respectively, which is
not fully concordant with the stratigraphy. Considering the error
ranges of the age data, the age of the PE event constrained by the
event horizon (Unit 33-Unit 32) is inferred to be ca. 200 ka. The
MRE event that cuts Unit 10 occurred after 152 + 5 ka.

4.3.2. Outcrop 2

The second outcrop site (Site-O2: 36°06'15.49"N, 129°2420.68"E)
is at a road construction site and has a direction oblique to the
strike of Fault-2. The exposed wall, which has a length of 130 m
and a height of 20 m, is composed of the Miocene sedimentary
rock and overlying unconsolidated sediment units (Fig. 7). The
unconsolidated sediments are classified into four units (units 10
to 40 from top to bottom). Unit 10 consists primarily of beach
sand, and its lower part contains alternating layers of fine- to
medium-grained sand that is rich in charcoal. Unit 20, which is
interpreted as a floodplain deposit, includes a suspended charcoal-
rich layer in a silty matrix. Unit 30 is characterized by matrix-
supported, poorly sorted fluvial gravel deposits with a fining-
upward sequence. This unit exhibits a cut-and-fill fluvial-channel
geometry in section view. Unit 40 consists of randomly oriented
pebble gravels in a massive silty matrix. These units are inferred
to have been deposited during a progressive shift from a fluvial
to a coastal environment.

A fault cutting the unconsolidated sediment at outcrop O2 is
oriented N20-45°E/15-34°SE with a vertical offset of 0.52 m
(Fig. 7). In the southern wall of the trench, the fault transects
units 40, 20, and 15. Soft-sediment deformation structures (load
structures and ball-and-pillow structures) are observed on the
base of Unit 15, in contrast to the upper surface of the unit. In
the northern wall, the fault branches into two splays in units 30
and 20. These features suggest that the MRE event occurred
during the deposition of Unit 15. To constrain the timing of the
MRE event, one sample from Unit 20 was collected for K-feldspar
PIRIRy,; dating, and ten samples from units 10 to 30 were collected

https://doi.org/10.1007/s12303-024-0030-4
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Fig. 6. (a) Photographs of the outcrop wall at Site-O1. The grid-cell size is 1 m x 1 m. Yellow circles and values represent plRIR,,5 sampling
points and ages, respectively. The detailed results of pIRIR,,5 dating are given in Table 3. (b) Close-up photograph of F3 and (c) a polished
slab that contains a truncated clast. (d) Polished slab that contains F2, showing a fault-drag fold. (e) Slickenlines on the surface of F2, indi-

cating a reverse sense of slip. Dashed and solid lines indicate the strike of the fault plane and the movement direction of the missing fault
block, respectively.

for radiocarbon dating (Fig. 7; Table 3). The “C ages areallbeyond  of Unit 20 and "“C ages of units 10 to 30 constrain the age of the
the analytical limit (> 43,500 BP). The K-feldspar pIRIR,,5 age MRE to between 148 + 7 ka and 43,500 BP.

https://doi.org/10.1007/s12303-024-0030-4 https://www.springer.com/journal/12303
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Table 3. Dosimetry, equivalent doses and K-feldspar pIRIR,,s ages of the samples from the sites-O1 and -02

Water( ) Dose rate (Gy/ka) D.@ Age (ka) . Age (ka) o
Sit Sampl tent® ¢ fadi - o2days fadin;
e pe Cor(lé,l)l Beta(dry) Gamma(dry)  Cosmic®  Total® (wet)  (Gy) : liliteurcllcor (%/dec.) Coirect%d t

2005GOK-01 15 234+0.09 1.03+0.02 0.14+0.01 373+£0.09 757+24 203+6 12+06 224+8 12
o1 2005GOK-02 8 2.33+0.09 0.98+0.02 0.16 +0.02 391+£0.09 683+£22 175+%6 1402 1969 12
2005GOK-03 7 1.67+£0.06  0.79+0.02 0.17 +£0.02 3.18+0.07 657+23 2077 1.5+02 231+12 12
2005GOK-04 8 224+0.08 0.92+0.02 0.18 +£0.02 379+0.09 548+18 145+5 07+£03 152+5 12

02 2101GOK-01 23 1.92+0.08 1.37+0.04 0.02+0.00(2) 333+0.08 443+12 1334 14+04 1487 12

@Present water content.

®The cosmic ray contributions to the total dose rates were calculated using the equations given by Prescott and Hutton (1994).

©The final total dose rates were derived based on present water content. The internal dose rates of K-feldspars were calculated using the method
proposed by Mejdahl (1987) and Readhead (2002) assuming internal K contents of 12.5 + 0.5 % (Huntley and Baril, 1997).

@Central age model D, * 10 standard error.

©Weighted mean fading rates of K-feldspar pIRIR ;5 signals.

ONumber of aliquots used for statistical analysis.

Fo0 ,
Fig. 7. Photographs of outcrop walls at Site-O2: (a) Southern and (b) northern walls. Also shown are close-up photographs of offset Qua-
ternary sediments in the (c) southern wall and (d) northern wall. Yellow circles and blue circles represent plIRIR,,5 and "C sampling points,
respectively, with labels showing ages. The detailed results of pIRIR,,s dating are given in Table 3 and the "C measurement for all samples
are beyond the analytical limit (> 43,500 BP).

5. DISCUSSION (Fig. 2a). Fault-1 is > 2.5 km long and has a northwest-side-up
geometry, whereas Fault-2, which branches from Fault-1, is >

Here, we discuss the paleoseismological implications of the 3.5 km long and has a southeast-side-up geometry.
two Quaternary faults in the Pohang area; ie., the NNE-SSW- The relationship between the fault splays and Quaternary
striking Fault-1 and NE-SW- to NNE-SSW-striking Fault-2 units at the trench site (Site-E1) indicates at least two surface-

https://doi.org/10.1007/s12303-024-0030-4
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rupture faulting events (Figs. 3 and 8a). According to the age
data from the sediments, whether displaced by fault splays or
not, the PE event occurred between 11 + 1 ka and 2.6 £ 0.1 ka,
and the MRE event occurred after 0.17 + 0.01 ka; i.e., since ca.
170 yr ago (Fig. 8¢). Typically, a seismic slip event upon a fault
showing a surface rupture has a magnitude of > 5.5 (Bonilla et
al,, 1984; Wells and Coppersmith, 1994). However, there are
no historical or instrumental records of moderate to large

a Reconstruction of Site-E1, Fault-1

Deposition of unit 40

e

y

Fauting event-1 (11-2.6 ka)

v

Eronsion out fault scarp and Deposition of unit 30-10

Faulting event-2 (after 0.17 ka)

Seongjun Lee, Jong-Won Han, Sangmin Ha, Jeong-Heon Choi, Yeong Bae Seong, Tae-Ho Lee, Hee-Cheol Kang, and Moon Son

earthquakes in the Pohang area. We therefore need to consider
several possibilities to elucidate the meaning of the feature
indicating the MRE. In particular, we propose that the features
indicating the MRE observed at Site-E1 may have been associated
with the 2017 Pohang earthquake. Although the Pohang earthquake
did not generate a surface rupture, results from InSAR analysis
indicate a ground-surface displacement of 4-6 cm (Fig. 1d; Song
and Lee, 2019). Moreover, the observed surface deformation,

b Reconstruction of Site-01, Fault-2

T

N Deposition of unit 43-33 (beach deposit)

Miocene sedimentary rock

- }

Fauting event-1 (around 200 ka)

— ‘_A‘Dﬂoosition of unit 32-21 (beach deposit)

___ Faulting event-2 (after 152 ka)

stage IV: > 0.17 £ 0.01 ka
«

Site-E1 |1 H

Jstage M:11+1-26+0.1ka

Time (ka) 0 12

100 150 200 250

Site-01

Site-02

o

stage I1: 148 + 7 - ca. 40 ka stage I : around 200 ka

Fig. 8. Schematic diagrams of the reconstruction of faulting events at (a) the excavation Site-E1 and (b) outcrop Site-O1. (c) Temporal cor-
relation of faulting events across different geological archives for the Pohang area.

https://doi.org/10.1007/5s12303-024-0030-4
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including ground cracks and sand blows, has been interpreted
to reflect the development of a gentle fault-related fold (Choi et
al., 2019). The deformation suggests that part of the seismogenic
fault could have reached the surface. Nevertheless, it is needed
to consider two other alternative explanations. One is that a
moderate to large earthquake event occurred during the last 170
years but was not recorded; e.g., the earthquake may have
occurred during a period of confusion when there were no or
could not be recorded due to Korean historical issues (e.g., the
Korean War and invasion by foreign). Another explanation is
that the fault splays cutting the recent strata were associated
with local slumping, which has occurred in the artificial fill to
the northwest of Site-E1. However, the southeast vergence of
observed slumping (Choi et al., 2019) is not consistent with the
general geometry (upward decrease in dip angles) and kinematics
(top-to-the-northwest) of the fault splays related to the MRE
event. In addition, although the slumping observed in the artificial
fill indicates only one near-surface deformation feature in
response to the Pohang earthquake, the trench section appears
to record at least two distinct surface-faulting events that occurred
at different times (Fig. 8a; Table 1).

The paleoseismological features of the two studied outcrops
of Fault-2 are summarized as follows. At Site-O1, the PE event
occurred at ca. 200 ka and the MRE event after 152 + 5 ka (Figs.
6 and 8b, ¢). At Site-O2, the MRE occurred between 148 + 7 ka
and ca. 40 ka (the analytical limit of **C) (Figs. 7 and 8c). There are
some limitations to robustly reconstructing the entire earthquake
history of Fault-2 owing to the lack of sequentially deposited
strata along the fault. Nevertheless, based on the combined results
from Sites-O1 and O2, the PE and MRE of Fault-2 can be
constrained to have occurred at ca. 200 ka and between 148 + 7
ka and ca. 40 ka, respectively, assuming that the entire fault was
ruptured during each event. Truncated gravels observed in the
polished slab that contains splay 3 from Site-O1 (Fig. 6¢) and
soft-sediment deformation structures (ball-and-pillow structures
and convolute and disturbed lamination) at Site-O2 support the
inference that the faults could have undergone seismic slip during
the late Quaternary (Fig. 7c).

Fault-1, which is interpreted as the seismogenic fault of the
2017 Pohang earthquake, has undergone more recent earthquake
activity than Fault-2. Our new findings reveal that moderate- to
large-magnitude seismic events causing surface ruptures have
occurred at least three times in the Pohang area during the late
Quaternary before the 2017 Pohang earthquake. Despite these
findings, there remains a lack of data for estimating detailed
seismological parameters (e.g., recurrence intervals and slip rates)
that are crucial for geohazard assessment. Further seismological
research in the Pohang area is required to address this knowledge

gap.
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6. CONCLUSION

We conducted comprehensive paleoseismological surveys
and numerical age dating (OSL, pIRIR,,s, and "“C) of sediments
along the surface projection of the blind seismic rupture of the
2017 Pohang earthquake. This projection was inferred from
aftershock distribution, focal mechanism analysis, InNSAR image
analysis, and surface deformation. Our aim is to characterize
the spatiotemporal distribution of prior surface ruptures and to
compare them with the seismogenic fault. Geomorphological
analysis identified two lineaments (Faults-1 and -2) exhibiting
topographic features associated with faulting processes. Fault-1
displays a linear geometry with an orientation of N26°E, and
Fault-2, which branches from Fault-1, is oriented N55°E in its
southwestern part and N30°E in its northeastern part. Fault-1
has a length of > 2.5 km and a northwest-side-up geometry,
whereas Fault-2 has a length of > 3.5 km and a southeast-side-
up geometry. The two faults have different histories of seismic
faulting events. Observations from Site-E1 of Fault-1 suggest
the occurrence of at least two paleo-earthquakes that generated
surface ruptures. Stratigraphic features and OSL ages of samples
from the trench wall show that the PE of F1 occurred between
11 = 1 and 2.6 £ 0.1 ka and that the MRE occurred after 0.17 +
0.01 ka. At two sites along Fault-2, stratigraphic features and
pIRIR,,; and "“C ages constrain the timings of the PE and MRE
of this fault to ca. 200 ka and between 148 + 7 and ca. 40 ka,
respectively. It still remains uncertain whether the faults linked
to these paleoearthquakes directly induced the 2017 earthquake
events. However, our findings reveal that at least three late
Quaternary paleoearthquake events causing surface ruptures
have occurred in the Pohang area before the 2017 Pohang
earthquake.
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