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Abstract

Constraining the long-term activity of reverse faults in intraplate regions is challenging due to subtle surface ex-
pressions and limited paleoseismological records. This study investigates the late Quaternary activity of the Galgok
fault (GF), located in the northern part of the Ulsan Fault, through geomorphic mapping and luminescence dating
of offset alluvial fan surfaces. Detailed geomorphic analysis identified multiple generations of alluvial fans and
fault-related markers, enabling measurement of cumulative vertical offsets. Quartz OSL dating of the Qf; surface
yielded formation ages ranging from 7.6 + 0.6 to 34 + 3 ka, while K-feldspar pIRIRso,225 dating constrained the older
Qfs surface to 175 + 6 ka. Vertical slip rates were estimated using Monte Carlo simulations that propagate uncer-
tainties in both offset and age. Based on a cumulative vertical offset of 3.31 + 0.24 m, late Quaternary time-aver-
aged vertical slip rates range from 0.1 to 0.44 mm/yr, depending on the Qf; age. Excluding a potentially reworked
near-surface sample yields a more conservative range of 0.1 to 0.21 mm/yr. Geometric analysis indicates that the
GF constitutes a single geometric segment (4.56 km). These results demonstrate the effectiveness of combining
geomorphic markers with luminescence dating for assessing long-term fault behavior in low-strain intraplate set-
tings.
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1. Introduction

Earthquakes commonly occur through the reactivation of
pre-existing geological structures, particularly active faults
(Sibson, 1985; Kim and Sanderson, 2008). Accordingly,
characterizing the spatial distribution and activity history
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of active faults is essential for effective earthquake hazard
mitigation. Earthquakes occurring on unmapped faults
may cause disproportionately large damage, even when
their magnitudes are moderate. In particular, the geomor-
phological and stratigraphic expressions associated with
reverse faults tend to be subtle and geometrically complex
(McCalpin, 2009), making their identification and charac-
terization challenging. In many cases, the presence and ge-
ometry of reverse faults are not fully recognized until a
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large earthquake occurs (e.g., Ma ef al., 1999; Burchfiel ez
al., 2008; Kaneda et al., 2008).

Reverse faults constitute one of the major fault types in
compressional tectonic settings. Given that the Korean
Peninsula is characterized by a compressional stress re-
gime within a low-strain intraplate setting (Park et al.,
2007; Soh et al., 2018) (Fig. 1a), understanding the long-
term spatiotemporal characteristics of reverse faults is of
fundamental importance. The Ulsan Fault, together with
the Yangsan Fault, is recognized as one of the principal
active reverse faults extending in a north-south direction
across the southeastern Korean Peninsula (Fig. 1b). In the
vicinity of these fault systems, major industrial facilities,
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including nuclear power plants, are densely distributed,
along with large metropolitan areas such as Busan, Ulsan,
and Pohang, which together host populations of several
million. Owing to these geographic and societal conditions,
seismic hazard associated with fault systems in southeast-
ern Korea is regarded as an issue of national significance.
In particular, the successive occurrence of the 2016
Gyeongju earthquake (Woo et al., 2019) and the 2017 Po-
hang earthquake (Kim et al., 2018) highlighted the need
for a more comprehensive understanding of earthquake
generation and active fault behavior in southeastern Korea,
including the Ulsan Fault.
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Fig. 1. (a) Tectonic map of the region surrounding the Korean Peninsula. (b) Geomorphic map showing the regional distribution of the major faults in SE
Korea, including Ulsan, Yangsan, and Dongnae faults. (c) Generalized topography of the study area showing previously reported active fault sites,

luminescence sampling sites, and knickzones.
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Although detailed investigations of the Ulsan Fault
have been conducted as part of the Korea Active Fault
Mapping Project (KAFMP), through which multiple active
faults were identified and new fault segments were deline-
ated (Kim et al., 2022) (Fig. 1b), previous studies have
predominantly focused on its central and southern parts
(e.g., Choi et al., 2012; Kim et al., 2022). Consequently,
the northern sector remains comparatively poorly con-
strained, despite the occurrence of previously identified
Quaternary faulting and the potential importance of this
sector for understanding the along-strike continuity and
long-term deformation of the Ulsan Fault.

Several studies have documented the Galgok Fault
(GF) in the northern part of the Ulsan Fault (Okada ef al.,
1999, 2001; Suzuki et al., 2005; Inoue and Choi, 20006;
Kyung and Lee, 2006; Kee et al., 2009; Choi et al., 2012;
Kim et al., 2022). Trench investigations conducted along
a well-defined fault scarp exposed fault structures at the
G1 (K2) (Suzuki et al., 2005), G2 (K1) (Okada et al., 1999,
2001), and G3 (Chisil) (Inoue and Choi, 2006) trench sites
(Fig. 1¢). These studies documented repeated Quaternary
activity of the GF and demonstrated its relevance to the
tectonic evolution of the Ulsan Fault (Tables 1-2). Despite

evidence for repeated Quaternary activity, several funda-
mental aspects of the GF remain inadequately character-
ized. First, the surface continuity and geometric expression
of the GF remain poorly constrained. Although surveys of
the GF were carried out as part of the KAFMP, the spatial
extent of the GF has not been clearly delineated (e.g., Kim
et al., 2022). In particular, the lack of Light Detection and
Ranging (LiDAR) data has posed a major limitation on
detailed mapping of surface geomorphic features, which
are critical for tracing the along-strike continuity of the
fault. Second, estimates of cumulative displacement along
the GF remain poorly constrained. Multiple trench inves-
tigations failed to identify bedrock on both the hanging
wall and footwall, thereby preventing reliable quantifica-
tion of long-term displacement. Third, robust chronologi-
cal constraints are either uncertain or lacking. Although ra-
diocarbon dating was applied to trench exposures, system-
atic age reversals have been reported (e.g., Okada et al.,
1999, 2001; Inoue and Choi, 2006; Kyung, 2007; Kee et
al., 2009). Furthermore, the formation ages of Quaternary
geomorphic surfaces within the study area have not yet
been constrained using independent numerical dating
methods. Luminescence dating has been widely applied to

Table 1. Sedimentary and age constraints from previous trench profiles of the Galgok Fault (GF).

Stratigraphic layer

Fault Unit Description 14C Age (yr B.P.) References
I Topsoil -
I AT tephra*-bearing loess 1,560 £ 60 (upper bed . )
G = Alluvial fan depgosit 14,010 + 240; 13,76(0 + 140 (Io)wer bed) Suzuki et al. (2005); Kyung (2007)
IV-VIII Alluvial fan deposit 25,750 + 240
I Topsoil -
I Fresh gravel with brownish soil Modern
+
G2 I'\'} OrangeL_Zif;e T 23210+ 460 Okada et al. (1999, 2001); Kyung (2007)
\ Reddish soil 21,440 + 430
VI-VIl  Slightly to highly weathered gravel -
- Topsoil -
KB Silt with granule 10,580 + 50; 7,910 + 50; 1,440 £ 50
KC Sand with granule to pebble 4,930 + 40; 2,840 + 40
G3 KDa Gravel with granule - Inoue and Choi (2006); Kee et al. (2009)
KDb Granule with cobble
KDc Silt with granule

KDd Alternation granule and pebble

9,480 + 50

* The AT tephra has an age of approximately 25 ka

Table 2. Previously reported fault geometry, kinematics, and cumulative displacement of the Galgok Fault (GF).

Fault  Strike Dip Kinematics Cumulative displ. (m)* Reference layer References

G1 N20°W 18-40°NE__ Reverse 25 Vi Suzuki et al. (2005); Kyung (2007)

a2 F1 N50°E  70°SE Reverse Okada et al. (1999, 2001); Kyung (2007)
F2 N9°E  38°SE Reverse 1.8-2.4 \Y

a3 FA N20°W  60°NE Reverse Inoue and Choi (2006); Kee et al. (2009)
FB N20°W  30°NE Reverse 2.0 KDd

* Apparent dip separation
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alluvial and fluvial deposits associated with displaced ge-
omorphic surfaces, providing numerical age constraints
that, when appropriately linked to the geomorphic markers,
can be used to evaluate long-term fault activity and slip
rates (Cheong et al., 2003; Rizza et al., 2011; Gong et al.,
2017).

Although no moderate-to-large earthquakes, or events
clearly attributed to the GF, have been documented within
the study area based on instrumental and historical records
(KMA, 2012, 2026), the absence of recorded seismicity
does not necessarily indicate fault inactivity. In slow-de-
forming intraplate regions, faults commonly exhibit long
recurrence intervals, making it difficult to evaluate their
activity using short-term seismic observations alone. Con-
sequently, geomorphological and geochronological inves-
tigations provide essential information for assessing long-
term fault behavior (Wallace, 1977; McCalpin, 2009).

To overcome these limitations, this study combines
high-resolution LiDAR-based geomorphic mapping, fault-
scarp analysis, and luminescence dating of displaced allu-
vial fan deposits. Specifically, this study aims to: (1) map
the along-strike continuity and geometric characteristics of
the GF using detailed geomorphic analyses; (2) quantify
cumulative vertical displacement along the fault based on
displaced geomorphic markers; (3) constrain the formation
ages of faulted alluvial fan surfaces using quartz and K-
feldspar luminescence dating; and (4) estimate the late
Quaternary slip rate of the GF and evaluate its implications
for the long-term behavior and geometric segmentation of
the northern Ulsan Fault. By integrating fault-trace map-
ping, cumulative displacement measurements, and lumi-
nescence chronologies, this study also evaluates how vari-
ations in fault continuity and displacement distribution re-
flect the long-term slip behavior and geometric segmenta-
tion of the GF. The results provide the first integrated ge-
omorphic and geochronological constraints on the activity,
slip rate, and geometric segmentation of the GF, thereby
improving our understanding of reverse fault deformation
and seismic hazard in the southeastern Korean Peninsula.

2. Geological Setting and Study Area

The tectonic framework of the Korean Peninsula is gov-
erned by complex interactions among surrounding tectonic
plates, including the subduction of the Philippine Sea Plate
and the Pacific Plate beneath the Eurasian Plate, as well as
far-field stresses associated with the collision between the
Indian and Eurasian plates (Park ef al., 2006; Kim et al.,
2016; Kuwahara et al., 2021) (Fig. 1a). During the Ceno-
zoic, deformation of the Korean Peninsula-particularly in
its southeastern region-was strongly influenced by the ini-
tiation of the India-Eurasia collision at approximately 50
Ma and by the opening and subsequent closing of the East
Sea (Sea of Japan), which began around 25 Ma (Tappon-
nier and Molnar, 1976; Hall, 2002; Fournier et al., 2004).
Since the Pliocene, the regional stress regime has shifted
to a compressional setting characterized by an E-W to
ENE-WSW-oriented maximum horizontal stress (N70°-

75°E), which is considered to have persisted to the present.
This stress configuration has been documented through
multiple lines of evidence, including fault-slip data (Park
et al., 2007; Kim et al., 2016), focal mechanism solutions
(Soh et al., 2018; Kuwahara et al., 2021), and borehole
data (Kim ef al., 2021). Temporal changes in the regional
stress regime have played a critical role in the development
and kinematic evolution of the Ulsan Fault. The Ulsan
Fault initially experienced dominant normal and strike-slip
motion; however, since the Pliocene, it has undergone
oblique-slip deformation with a predominant reverse-slip
component, reflecting a history of polyphase deformation.
Such kinematic evolution is interpreted as the result of re-
activation of pre-existing geological structures under
changing stress conditions (Kim et al., 2016).

The study area is located in Galgok-ri, Gyeongju City,
within the northern part of the Ulsan Fault (Fig. 1). This
area has previously been described either as part of the
northern Ulsan Fault (e.g., Okada ef al., 1999, 2001; Su-
zuki et al., 2005; Inoue and Choi, 2006; Kyung and Lee,
2006; Kee et al., 2009; Choi et al., 2012; Kim et al., 2020)
and/or as the southwestern margin of the Miocene Pohang
Basin, specifically the Bomun sub-basin (e.g., Park, 2004;
Song et al., 2022). Multiple alluvial fans are developed in
the study area, and distinct linear knickpoints are well pre-
served on the fan surfaces (Okada et al., 1999, 2001) (Fig.
1c). These geomorphic characteristics make the study area
particularly suitable for addressing the principal uncertain-
ties identified in previous studies of the GF. The preserva-
tion of fault-related geomorphic markers across multiple
alluvial fan surfaces allows the surface continuity of the
fault to be traced and cumulative vertical displacement to
be quantified. In addition, the alluvial fan deposits provide
suitable sedimentary archives for luminescence dating, en-
abling independent numerical constraints on the deposi-
tional ages of the geomorphic surfaces associated with
fault deformation. Thus, the study area provides a suitable
setting for integrating geomorphic mapping, displacement
measurements, and luminescence dating to evaluate the
long-term activity of the GF.

3. Method

3.1. Geomorphic Mapping and Quantification of Fault
Scarps

Based on field surveys and GIS analysis of high-resolution
(0.5 m spatial resolution) LiDAR data, lineaments crossing
the fault sites (G1, G2, and G3) were identified, and allu-
vial fans within the study area were systematically mapped.
Lineaments were traced primarily using distinct fault-re-
lated geomorphic markers, such as fault scarps and offset
surface structures that directly reflect surface deformation.
In areas where the original topography has been substan-
tially modified by anthropogenic activities (e.g., agricul-
ture), the delineation of lineaments was supplemented us-
ing previously published datasets (Okada et al., 1999,
2001; Inoue and Choi, 2006; Choi et al., 2012; Kim et al.,
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2022) and historical aerial photographs acquired in 1954
and 1968. Alluvial fans were classified into three geo-
morphic surfaces (Qf;-Qf3) based on their relative eleva-
tion above the present channel bed and stratigraphic char-
acteristics. Qf; occurs at 2.0-6.5 m above the present chan-
nel bed, Qf; at 7.5-18.0 m, and Qf; at >20.5 m. Accord-
ingly, Qfi, Qf2, and Qf; represent the lower, intermediate,
and higher alluvial fan surfaces, respectively.

To quantify the vertical offset of fault-generated scarps,
five topographic profiles were established at each of the
two fault sites (G1 and G2). The profiles were oriented to
traverse the faults while accounting for the strike range of
the lineaments (N20°-30°E), with azimuths varied at 2.5°
intervals. Along each profile, elevation values were sam-
pled at 1-m spacing. For each distance x;, the five elevation
values were averaged to construct a mean elevation profile.

The mean elevation profile was divided into two seg-
ments relative to the fault position (x=150 m): the foreland
segment (0—150 m) and the hinterland segment (150-300
m). Linear regressions were applied independently to each
segment. Data affected by artificial structures (66—95 m in
G2) were excluded from the regression analysis. The rela-
tionship between distance x and mean elevation y in each
segment was approximated by a first-order linear function,
and the scarp height D produced by faulting was defined
as the difference between the predicted elevations of the
two regression lines at x = 150 m:

D = $,(150) — ,(150) I.

The uncertainty of the predicted elevation at a given
position xo was estimated using the 95% confidence inter-
val of the linear regression:

~ 1 (xo_f)z
J(xo) £ tn_20075"S" n + S = )7

where 7 is the number of samples, X is the mean of x, s is
the standard error of the regression residuals, and
tn—2, 0975 1s the 97.5th percentile of the ¢ distribution with
n — 2 degrees of freedom.

The uncertainty of the scarp height was derived by er-
ror propagation of the two independent prediction uncer-
tainties:

AD = /(891)% + (472)*.

Accordingly, the scarp height is expressed as:
D + AD.

3.2. Luminescence Dating

Luminescence dating was employed to constrain both the
timing of alluvial fan formation and the activity history of
the GF. This technique is widely used in Quaternary geo-
morphological and tectonic studies to determine the for-
mation ages of late Quaternary geomorphic surfaces and to
estimate long-term fault slip rate (e.g., Wang et al., 2016;
Gong et al., 2017; Ota et al., 2024). Quartz optically

stimulated luminescence (OSL) dating was adopted as the
primary chronological method. For samples inferred to be
relatively old based on their greater elevation above the
present riverbed and the strongly weathered condition of
the terrace deposits, K-feldspar post-infrared infrared
stimulated luminescence (pIRIRs0225) dating was applied
as the primary luminescence dating method.

3.2.1. Sample collection

A total of five samples for luminescence dating were col-
lected, including four samples from surface Qf, and one
sample from surface Qf3 (Fig. 1¢). No samples were col-
lected from Qf; because this surface is adjacent to the mod-
ern channel and is therefore highly susceptible to fluvial
disturbance and reworking. Indeed, Qf; is commonly dif-
ficult to distinguish from the active floodplain.

At Qf,, four samples (GG-1 to GG-4) were collected.
Although Qf; is presently dissected by channels into spa-
tially separated remnants, detailed field observations and
geomorphic mapping indicate that these remnants repre-
sent the same generation of alluvial-fan surface based on
their morphological characteristics and relative geo-
morphic positions. The four samples were therefore col-
lected from different locations on Qf; to constrain its dep-
ositional history and formation interval, rather than to date
individual faulting events at each sampling site. Because
direct sampling immediately adjacent to the G2 fault scarp
was limited by land-use modification and poor exposure,
sampling sites were selected where Qf, deposits were ac-
cessible and their geomorphic context could be reliably es-
tablished. The GG-1 sampling site consists of a clast-sup-
ported deposit overlying Miocene sedimentary rock. The
sample was obtained from a sand patch developed approx-
imately 30 cm above the bedrock surface (Fig. 2a). Sample
GG-2 was collected from a depth of ~50 cm above the bed-
rock, where well-developed clast imbrication indicative of
fluvial transport is observed (Fig. 2b). Sample GG-3 was
obtained at ~40 cm above the bedrock surface; the deposit
at this site contains highly rounded and strongly weathered
clasts (Fig. 2¢). Sample GG-4 was collected between pre-
viously reported fault traces (G2 and G3) and represents
the highest elevation among the Qf> sampling sites. At this
location, bedrock was not exposed, and the deposit is char-
acterized by relatively fine-grained, matrix-supported in-
fill sediments with a low proportion of coarse clasts, in
contrast to the other Qf; deposits (Fig. 2d).

One sample (MC-1) was collected from surface Qf3
(Fig. 2e). Although no fault-related geomorphic marker
was identified on Qf3, MC-1 was collected to provide an
independent chronological constraint on the older fan sur-
face and thereby establish the broader chronological
framework of alluvial fan development in the study area.
The MC-1 age is therefore not used as a direct chronolog-
ical constraint on fault displacement or slip rate estimation.
Compared to Qf; and Qf, the Qf; deposit exhibits a higher
degree of consolidation, and the clasts within the deposit
are strongly weathered.
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Fig. 2. Locations of samples collected for luminescence dating. Samples in panels (a)-(d) were obtained from Qf2, and the sample in panel (e) was obtained

from Qfs.

3.2.2. Luminescence Dating Procedures

For luminescence dating, the 90-250 um grain-size frac-
tion was isolated from the samples in a subdued red-light
laboratory. The bulk sediments were first wet-sieved, and
the target coarse fraction was then subjected to sequential
chemical treatments with 10% HCI (3h) and 10% H>O,
(3h) to remove carbonates and organic matter. The remain-
ing quartz and feldspar were then separated by density with
sodium polytungstate (p = 2.61 g-cm). Finally, the sink
fraction was etched with ~ 40 % HF for 40-60 min to ob-
tain purified quartz. For sample MC-1, K-feldspar was re-
covered from the floating fraction by cleaning with 10 %
HCI for 1 h, after 10 % HF etching. To verify the effective
removal of feldspar from the quartz separates, an infrared
(IR) stimulation test (“IR-test””) was applied to both natural
and B-irradiated (20 Gy) aliquots using three 8 mm ali-
quots per sample. The infrared stimulated luminescence
(IRSL) response was consistently < 10 % of the blue-

stimulated OSL signal, indicating negligible feldspar con-
tamination in the quartz extracts.

Luminescence measurements were conducted using
two automated Risg TL/OSL readers housed at the Korea
Basic Science Institute. Blue light-emitting diodes (LEDs;
470 nm) were employed for quartz OSL stimulation, and
infrared LEDs (870 nm) were used for K-feldspar pIRIR
(post-IR TIR) measurements. Photon detection was accom-
plished through a 7 mm Hoya U-340 filter for quartz and a
blue filter pack (4 mm Corning 7-59 and 2 mm Schott
BG39) for K-feldspar, mounted in front of photomultiplier
tubes. Each reader is equipped with a 99St/90Y B source,
delivering dose rates of 0.075 + 0.004 Gy-s™ and 0.157 +
0.003 Gy-s™! at the sample position. Equivalent doses (D)
were determined using single-aliquot regenerative-dose
(SAR) protocols tailored to quartz and K-feldspar (Tables
3-4).
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Table 3. The SAR protocol for quartz OSL De estimation (modified from
Murray and Wintle, 2000).

Table 4. The SAR protocol for K-feldspar pIRIRso225 De estimation
(Buylaert et al., 2009).

Step Treatment Observed Step Treatment Observed
1 Give dose, Di - 1 Give dose, D; -
2 Preheat (260°C for 10 s) - 2 Preheat (250°C for 60 s) -
3 Blue stimulation for 40 s at 125°C Li 3 IR stimulation for 100 s at 50°C -
4 Give test dose, Dt - 4 IR stimulation for 100 s at 225°C L
5 Cut-heat to 220°C for 0 s - 5 Give test dose, Dt -
6 Blue stimulation for 40 s at 125°C Ti 6 Preheat (250°C for 60 s) -
7 Return to step 1 - 7 IR stimulation for 100 s at 50°C -
8 IR stimulation for 100 s at 225°C Ti
9 IR stimulation for 40 s at 290°C -
10 Return to step 1 -

The pIRIRs0 225 age of MC-1 was corrected using the
widely applied method of Huntley and Lamothe (2001);
however, this correction method assumes that the labora-
tory-measured fading rate represents long-term natural
fading behavior and may therefore retain model-dependent
uncertainty when extrapolated to geological timescales
(Kars et al., 2008). Environmental dose rates were derived
from low-level high-resolution y-spectrometry of the bulk
sediments. Conversion of radionuclide activities to dose
rates followed the updated factors of Liritzis et al. (2013).
All dose-rate estimates were corrected for water content,
using both measured and saturated values to assess the sen-
sitivity of age estimates to moisture conditions. Attenua-
tion of P radiation in the sediment matrix was corrected
using factors from Zimmerman (1971), with a j attenua-
tion factor of 0.93 + 0.03 adopted for all samples. Cosmic-
ray dose-rate contributions were estimated according to
Prescott and Hutton (1994), accounting for burial depth,
altitude, and geomagnetic latitude. For K-feldspar, the in-
ternal B dose rate from “°K and 3’Rb was estimated follow-
ing Mejdahl (1987) and Readhead (2002), assuming an in-
ternal K content of 12.5 %.

4. Results

4.1. Lineaments and Geomorphic Stratigraphy of Allu-
vial Fans

Across the entire study area, the mapped fault-related lin-
eaments can be grouped into a principal fault trace, com-
prising five discontinuously preserved strands, and a sub-
sidiary branch diverging from the principal trace (Fig. 3a).
The lengths of individual strands range from approxi-
mately 240 m to 890 m. When only confidently identified
strands (solid lines) are considered, the cumulative length
of the principal lineament trace is ~2.64 km. When inferred
strands (dashed lines) are included, the total observable
length increases to ~4.56 km. These values represent the
minimum along-strike extent of the GF that can be con-
strained from present-day geomorphic evidence.

Two fault-related lineaments were identified in the
study area: a principal lineament crossing the previously
reported fault sites (G1-G3) and a subsidiary branch di-
verging from it (Fig. 3). The longest continuously mapped
strand of the principal trace extends for 881.8 m and

exhibits a mean strike ranging from N20°-30°E, locally
reaching up to N50°E. The branch lineament is 321.7 m
long and trends nearly north—south, with an average strike
of NO°—5°E.

These lineaments were delineated on the basis of dis-
tinct geomorphic markers, primarily fault scarps expressed
on alluvial fan surfaces (Fig. 3c—e). In Fig. 3, solid red
lines indicate lineaments that are confidently identified
from clear geomorphic markers, whereas dashed red lines
represent segments where fault-related markers are absent
or obscured, particularly within incised valleys where flu-
vial erosion has substantially modified the original topog-
raphy. Additional linear features are locally recognized
both north and south of the principal lineament; however,
their geometric continuity with the main trace remains un-
certain. This uncertainty results from the absence of recog-
nizable fault-related geomorphic markers within incised
valley floors, where fluvial erosion has removed or ob-
scured surface expressions of faulting.

Meanwhile, alluvial fans in the study area are subdi-
vided into three geomorphic surfaces (Qf;—Qf3) (Fig. 3a).
Although Qf; is presently dissected by channels into spa-
tially separated remnants, field observations and detailed
geomorphic mapping indicate that these remnants repre-
sent the same generation of alluvial-fan surface based on
their morphological characteristics and relative topo-
graphic positions. All three previously reported fault sites
(G1-G3) intersect the intermediate fan surface, Qf,. Along
Qf, the principal lineament is expressed by a clear and lat-
erally continuous fault scarp, indicating distinct surface
rupture (Fig. 3b—e). In contrast, no fault-related geo-
morphic markers are observed on the lower surface (Qf),
which corresponds to incised valley floors adjacent to the
main trace. Consequently, surface rupture associated with
faulting is evident on Qf,, whereas its presence on Qf; can-
not be determined from geomorphic evidence. No fault-re-
lated geomorphic marker was identified on Qfs; therefore,
the age obtained from MC-1 is used to constrain the chro-
nology of the older alluvial-fan surface rather than to di-
rectly constrain the timing of fault displacement.
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Fig. 3. Results of geomorphic analysis. (a) Classification of alluvial fan surfaces (Qf1-Qf3) and distribution of mapped fault-related lineaments across
the study area. The principal lineament consists of five discontinuous fault strands, with their individual lengths indicated, together with a sub-
sidiary branch. Solid red lines indicate mapped lineaments confidently identified from geomorphic markers, whereas dashed red lines represent
inferred lineaments where fault-related markers are absent or obscured. Black dotted lines indicate risers separating adjacent alluvial fan sur-
faces, and the blue line indicates the reference channel used to determine the relative elevations of the fan surfaces. (b) Detailed distribution of
the principal and subsidiary lineaments and locations of topographic profiles A-A’ and B-B’ on the intermediate fan surface (Qf2). (c)-(e) Enlarged
views of the G1-G3 fault sites, respectively, showing fault scarps and associated geomorphic markers. Slope maps derived from LiDAR data are
used as base images in (c)-(e) to enhance the visibility of fault-related topographic expressions.
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4.2. Regression-Based Estimation of Fault Scarp Offsets
Topographic profiles across the fault at G1 (A—A') and G2
(B—B’) exhibit abrupt steps in the mean elevation curves,
corresponding to fault scarps developed on the Qf> surface
(Fig. 3b, Fig. 4a-b). For each profile, the averaged eleva-
tion data were divided into foreland (0—150 m) and hinter-
land (150-300 m) segments, and linear regressions were
applied independently to each segment following the pro-
cedure described in Section 3.1.

At Gl1, the regression lines for the two segments yield
predicted elevations at the fault position (x = 150 m) of
127.66 m and 130.03 m, respectively, resulting in a verti-
cal offset 0f 2.37 + 0.17 m (95% confidence interval) (Fig.
4c). At G2, the corresponding predicted elevations are
117.37 m and 120.68 m, giving a vertical offset of 3.31 +
0.24 m (95% confidence interval) (Fig. 4d).

These offsets represent the cumulative vertical dis-
placement preserved on the Qf, surface. The close agree-
ment between the regression fits and the averaged profiles
(R?=0.956-0.987) indicates that the step-like discontinu-
ities are robust geomorphic expressions of fault-related
surface rupture rather than local topographic irregularities.
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4.3. Luminescence Ages of Alluvial Fan Surfaces
Luminescence dating results are summarized in Tables 5
and 6. Four samples (GG-1 to GG-4) were collected from
the Qf, alluvial fan surface, whereas one sample (MC-1)
was obtained from the higher Qf; surface (Fig. 1¢ and Fig.
2). Quartz OSL dating was applied to the GG samples, and
pIRIRs0 225 dating was applied to the MC sample.

Quartz OSL ages from the Qf; surface range from 7.6
+ 0.6 ka to 34 + 3 ka. Specifically, samples GG-1, GG-2,
GG-3, and GG-4 yielded ages of 16 + 2 ka, 24 + 2 ka,
34 + 3 ka, and 7.6 + 0.6 ka, respectively (Table 5). These
ages indicate that deposition of the Qf; surface occurred
during the late Pleistocene to early Holocene. The Qf; sur-
face is represented by sample MC-1, dated using the pl-
RIRs0.225 protocol. The fading-corrected age is 175 + 6 ka
(Table 6), placing the formation of Qf3 in the middle Pleis-
tocene. The luminescence ages demonstrate a clear strati-
graphic ordering between geomorphic surfaces, with Qf;
being substantially younger than Qf3, consistent with their
relative geomorphic positions.
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Fig. 4. Results of topographic profile analysis. (a) and (b) show topographic profiles extracted at site G1 (profile A=A’ in Fig. 3b) and site G2 (profile B-B’
in Fig. 3b), respectively. (c) and (d) present the results of linear regression applied to the profiles in (a) and (b), with respect to the fault position.
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Table 5. Results of quartz OSL dating.

Dose Rate* Water Content* Equivalent Dose o Quartz OSL age
Sample Code (Gylka) (%) (Gy) niN (ka, 10 SE)
GG-1 3.64 +£0.09 11.2 59 +6 16/16 16+2
GG-2 3.78 £0.09 9.2 89+7 15/16 24 +2
GG-3 3.87 £0.09 9.3 131£10 15/16 34+3

2.89+0.07 17.9 76+06
GC4 (273 0.07) (24.2) 22 16/16 (80+0.7)

* Numbers in parentheses are those calculated based on saturated water contents.
** The ratio of the number of aliquots used for data analysis (n) to the total number of aliquots for luminescence measurements (N).

! Central age + 10 standard error

Table 6. Results of K-feldspar pIRIRs, 225 dating.

Sample Dose Rate* Water Content* Equivalent Dose Uncorrected Fading rate Corrected "
Code (Gylka) (%) (Gy) pIRIRs0,225 age (Gcays, %hldec.) pIRIRs0,225 age niIN
(ka, 10 SE) 2% " (ka, 10 SE)
3.77 £0.08 18.2 145+ 2 175+ 6
MC-1 (369008  (212) 5499 (149£3) 24£03 (179+5) 12112

* Numbers in parentheses are those calculated based on saturated water contents. The internal dose rate of K-feldspar was estimated using the methods
proposed by Mejdahl (1987) and Readhead (2002), assuming K content of 12.5 %.
** The ratio of the number of aliquots used for data analysis (n) to the total number of aliquots for luminescence measurements (N).

! Central Age * 10 standard error

5. Discussion

5.1. Long-term (Late Quaternary) Slip Rate and Uncer-
tainty from Geomorphic Markers

Slip rates estimated from geomorphic markers record cu-
mulative offset integrated over long timescales following
landform formation and therefore represent long-term tec-
tonic behavior, particularly in slow-deforming regions
(Wallace, 1977). To propagate uncertainties associated
with offset and age determinations—while accounting for
nonlinear relationships and asymmetric probability distri-
butions—a Monte Carlo simulation was employed with
100,000 iterations. Slip rate estimates are summarized us-
ing median values, with associated uncertainty represented
by the 16th—84th percentiles (Fig. 5) to avoid implicit as-
sumptions of normality and to robustly represent the re-
sulting probability distributions.

The chronological framework for estimating the long-
term slip rate is based on the geomorphic relationship be-
tween the dated Qf; deposits and the displaced Qf; surface,
rather than on direct dating of faulting at G2. Although Qf
is presently dissected into spatially separated remnants, de-
tailed geomorphic mapping indicates that these remnants
belong to the same generation of alluvial-fan surface. The
OSL ages obtained from multiple locations are therefore
used collectively to constrain the depositional history and
formation interval of Qf,. Because the fault scarp at G2
displaces this geomorphically correlated Qf, surface, the
cumulative vertical offset is interpreted to have developed
after the formation of Qf,. Accordingly, the age-offset
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relationship used here provides a geomorphically con-
strained estimate of long-term, time-averaged deformation
rather than a direct age or slip rate of an individual faulting
event.

Based on this geomorphic framework, time-averaged
vertical slip rates were estimated using the cumulative off-
set preserved on Qf> (3.31 = 0.24 m; Fig. 4d) and the dep-
ositional ages obtained from the Qf, deposits (7.6 + 0.6 ka,
16 +2 ka, 24 + 2 ka and 34 = 3 ka; Table 5). When the full
range of Qf; ages is considered, the resulting median esti-
mates range from ~0.10 to 0.44 mm/yr (Fig. 5a—b). These
estimates differ substantially from slip rates of 0.09 to 0.1
mm/yr recalculated in this study using vertical displace-
ment and age data reported in previous studies (Okada et
al., 1999, 2001; Kyung, 2007). Those values were derived
by re-evaluating stratigraphic evidence from the G2 site,
including a cumulative vertical separation of 2.4 m in unit
V (Table 2) and a radiocarbon age of 21,440 + 430 yr BP
(Table 1).

Previous trench-based estimates were derived from lo-
cal stratigraphic offsets and radiocarbon ages at individual
sites, whereas the present approach combines cumulative
geomorphic displacement with independently dated allu-
vial deposits. The two approaches therefore constrain fault
activity over different spatial and temporal scales (Wang
etal.,2016; Gong et al.,2017; Kim et al., 2022; Ota et al.,
2024) and should be regarded as complementary rather
than directly equivalent. Importantly, the present geo-
morphic and geochronological approach provides an inde-
pendent constraint on cumulative deformation that com-
plements the event- and site-specific information obtained
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from previous trench investigations. However, comparison
with previous estimates also requires consideration of un-
certainties in the chronological constraints. At the G1 site,
ages obtained from the same sedimentary unit differ mark-
edly: AT tephra yielded an age of ~25 ka (Suzuki ef al.,
2005), whereas radiocarbon dating produced ages ranging
from 1,560 + 60 to 14,010 + 240 yr BP (Kyung, 2007).
Kyung (2007) attributed this discrepancy to contamination
by reworked organic material. Similar age reversals were
also identified at the G2 and G3 sites (Okada et al., 1999,
2001; Inoue and Choi, 2006), where stratigraphically
higher units yielded older ages than underlying units, lend-
ing further support to the interpretation of Kyung (2007)
that reworked organic material affected the reliability of
the radiocarbon ages.

In the present study, sample representativeness consti-
tutes an additional source of uncertainty in constraining the
depositional age of Qf; and, consequently, the slip rate es-
timates. Among the four Qf, samples, GG-1, GG-2, and
GG-3 yielded quartz OSL ages of 16 + 2, 24 £+ 2, and
34 + 3 ka, respectively. These samples were obtained from
deposits close to the bedrock or basal unconformity and
exhibit sedimentological characteristics representative of
the principal Qf; alluvial-fan deposits (Fig. 2a—c). We
therefore consider the 1634 ka interval defined by GG-1
to GG-3 to provide the preferred depositional-age range
for the principal phase of Qf; formation. The intermediate
age of GG-2 (24 + 2 ka) falls within this interval and does
not affect its end-member bounds.

In contrast, GG-4 yielded a substantially younger age
of 7.6 + 0.6 ka and was collected from a shallow deposit
near the present ground surface. The deposit is finer-
grained and matrix-supported, with a lower proportion of
coarse clasts than the deposit at the GG-1 to GG-3 sites. In
addition, the site is currently used as agricultural land, and
disturbance of the original sedimentary structure cannot be
entirely excluded. These geomorphic and sedimentologi-
cal characteristics raise the possibility that GG-4 records
localized deposition or reworking after the principal phase
of Qf, formation rather than the depositional history repre-
sented by GG-1 to GG-3. We therefore exclude GG-4 from
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the preferred depositional-age range while retaining it as
evidence of younger sedimentation on the Qf> surface.

When all Qf; ages, including GG-4, are considered, the
time-averaged vertical slip rate estimates range from ~0.10
to 0.44 mm/yr. Restricting the chronological constraint to
the preferred depositional-age range of 16-34 ka reduces
this range to ~0.10-0.21 mm/yr (Fig. Sa-c). The upper
bound of the estimated slip rate is therefore particularly
sensitive to whether the young GG-4 age is interpreted as
representative of the principal Qf, depositional phase. This
result emphasizes that the slip rate estimates depend not
only on analytical age uncertainties but also on the geo-
morphic and sedimentological representativeness of the
dated deposits.

Slip rate is not only a quantitative measure of crustal
deformation but also a key parameter for understanding
fault-slip behavior (Zechar and Frankel, 2009; Resor et al.,
2018) and for seismic hazard assessment (Molnar and Tap-
ponnier, 1978); accordingly, it must be evaluated with cau-
tion. Slip rates derived from individual sites inherently
contain uncertainty and cannot be assumed to represent the
behavior of an entire fault system (Herbert et al., 2014;
Resor et al., 2018). Moreover, even within the same region,
slip rate estimates may be revised as chronological inter-
pretations are refined and analytical techniques advance.
Therefore, slip rate estimates should be continuously up-
dated through cross-validation with independent datasets,
including instrumental seismicity and geodetic observa-
tions (e.g., Liu et al., 2021).

5.2. Possibility of Reverse-Fault Segmentation

Fault segments are commonly classified into geometric
and behavior segments (Schwartz and Coppersmith, 1984;
Kim et al., 2022). A geometric segment refers to a subdi-
vision of a fault system based on fault geometry and spatial
continuity, whereas a behavior segment describes a portion
of a fault that may rupture coherently during a single earth-
quake. A behavior segment may correspond to a partial or
complete rupture of a single geometric segment, or alter-
natively, to the joint rupture of two or more geometric seg-
ments (e.g., Rubin, 1996; King ef al., 2019). Delineation
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of a behavior segment requires extensive paleoseismolog-
ical datasets; however, such data are inherently limited in
intraplate settings such as the Korean Peninsula (Kim ez al.,
2022). In addition, studies explicitly addressing segmenta-
tion of reverse faults in intraplate settings remain scarce
(McCalpin, 2009). Given these limitations, this study fo-
cuses on establishing practical criteria for geometric seg-
mentation of reverse faults in intraplate regions and applies
these criteria to the GF. Accordingly, the segmentation dis-
cussed here refers specifically to the mapped surface ge-
ometry and is not used to define the extent of a behavior
segment or coseismic rupture.

The surface expression of reverse faults is often geo-
metrically complex (e.g., Rubin, 1996; King et al., 2019),
largely because a single fault plane at depth commonly
splays into two or more fault strands toward the surface
(McCalpin, 2009; Kim et al., 2022). Consequently, a sin-
gle subsurface fault may be mapped as multiple surface
fault traces, each potentially exhibiting distinct geometric
and kinematic characteristics. Distinguishing true struc-
tural discontinuities from internal fault-zone complexity is
therefore critical for defining independent geometric seg-
ments. To address this issue, we define operational geo-
metric segmentation criteria based on two parameters: (1)
minimum segment length and (2) geometric separation be-
tween adjacent fault traces. These criteria provide practical
mapping thresholds for distinguishing independent geo-
metric segments from internal fault-zone complexity, ra-
ther than physical thresholds for earthquake rupture prop-
agation.

First, the minimum length required to define an inde-
pendent geometric segment was set to 1 km. This threshold
is supported by two lines of evidence. (1) The minimum
reported surface rupture length of reverse-fault earth-
quakes in intraplate regions is 1.26 km (Dawson et al.,
2008). (2) A surface rupture length of approximately 1 km
is predicted using the empirical relationships of Wells and
Coppersmith (1994), assuming a minimum earthquake
magnitude of M =~ 5.0 for reverse-fault earthquakes that
produced surface rupture in intraplate regions (e.g., Gor-
don and Lewis, 1980; Dawson et al., 2008; Clark et al.,
2014; King et al., 2019; Ritz et al., 2020; Figueiredo et al.,
2022). These observations provide a first-order length
scale for defining mappable geometric segments and are
not used to infer individual earthquake rupture dimensions.
Second, where multiple fault traces are identified at the
surface, only those separated by a distance greater than 1
km are classified as distinct geometric segments. This
threshold is based on observations of reverse-fault surface
ruptures (e.g., Philip and Meghraoui, 1983; Meyer, 1991;
Rubin, 1996; Boncio et al., 2018), in which multiple sur-
face traces and structural complexities may occur over
widths of approximately 1 km. Accordingly, closely
spaced fault traces separated by less than approximately
1 km are treated as internal fault zone complexity rather
than boundaries between independent geometric segments.
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At the surface, the GF is expressed as a main fault trace
accompanied by a subsidiary splay fault. The combined
observable length of these traces is 4.56 km, and the sepa-
ration between the main and subsidiary traces is ~0.25 km
(Fig. 6). Based on the geometric segmentation criteria
adopted in this study, these traces are therefore interpreted
as constituting a single geometric segment (Fig. 6). Thus,
4.56 km represents the minimum observable geometric
length of the GF based on the presently preserved surface
evidence.

The total mapped length of the GF is relatively short
compared to surface rupture lengths commonly reported
for reverse-fault earthquakes, which often extend for sev-
eral tens of kilometers (e.g., Wells and Coppersmith, 1994;
Rubin, 1996). Previous studies report a single-event verti-
cal separation of approximately 1 m (e.g., Inoue and Choi,
2006; Kyung, 2007; Choi et al., 2012), implying substan-
tial coseismic displacement. The combination of a rela-
tively short mapped length and large displacement is anal-
ogous to the “short, fat fault problem” described by
McCalpin (2009), whereby the mapped fault length may
not represent the full geometric extent of the fault system.
However, the available geomorphic and paleoseismologi-
cal evidence for the GF is insufficient to determine
whether its mapped length reflects the full fault extent or
whether past coseismic ruptures extended beyond the pres-
ently mapped traces. Thus, the “short, fat” relationship is
considered here as an indication of uncertainty in the
mapped fault extent, rather than evidence for a specific
larger-scale rupture scenario.

The geometric segmentation established here therefore
characterizes the presently observable surface configura-
tion of the GF, rather than its earthquake rupture behavior.
Whether the GF continues beyond its mapped extent, ei-
ther at the surface or in the subsurface, remains unresolved.
Further investigations of subsurface fault geometry, in-
cluding geophysical surveys and drilling, are required to
delineate its concealed along-strike continuation and to
clarify its structural and kinematic relationships with
nearby faults within the broader Ulsan Fault.

6. Conclusion

This study provides the first geomorphically constrained,
luminescence-based assessment of late Quaternary slip be-
havior along the GF, a reverse fault located in the northern
sector of the Ulsan Fault. Integrated geomorphic analysis
and luminescence dating of offset alluvial fan surfaces en-
abled independent estimation of cumulative offset and late
Quaternary time-averaged vertical slip rates (0.10-0.21
mm/yr), providing an independent perspective on fault ac-
tivity in a low-strain intraplate setting.

Slip rate estimates derived from geomorphic markers
represent time-averaged deformation over late Quaternary
timescales and differ from values inferred from trench-
based stratigraphic evidence, which reflect shorter-term or
event-specific deformation. These discrepancies highlight
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the importance of integrating geomorphic and stratigraphic
approaches when evaluating fault behavior and emphasize
the need for careful consideration of geomorphic context
in interpreting numerical age data.

Geometric analysis of surface fault traces indicates that
the GF constitutes a single geometric segment, despite the
presence of subsidiary splays. However, the relatively
short mapped fault length in relation to the observed dis-
placement suggests that the presently mapped traces may
represent only the minimum observable geometric extent
of the GF. Whether the fault continues beyond this mapped
extent remains unresolved.  Accordingly, fault
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segmentation inferred solely from surface geometry
should be interpreted with caution in reverse-fault-domi-
nated intraplate regions.

Overall, this study demonstrates that combining geo-
morphic markers with luminescence dating provides a ro-
bust framework for characterizing long-term fault behav-
ior where paleoseismological records are limited. The re-
sults contribute to a refined understanding of reverse fault
activity in southeastern Korea and provide a fundamental
dataset for long-term seismic hazard assessment in regions
hosting critical infrastructure.
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