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The slip rate of strike-slip active faults is crucial for fault rupture behavior analysis
and seismic hazard assessment. Although many segments of the Yilan-Yitong
Fault Zone (YYFZ) in NE China have been strongly deformed since the late
Quaternary, little progress has been made on its slip rate. With the help of high-
resolution satellite images, detailed field investigations, seismic reflections, and
Quaternary chronological dating, we mainly studied the late Quaternary right-
slip rate of the YYFZ. Field investigations revealed an ~15 km long by ~1-2 m
high-surface scarp belt extending along the Tangyuan graben interior, with a
series of sag ponds and small parallel bulges. Research has revealed that the
most recent paleoearthquake (~M 7.0) occurred between 2,800+ 600 a BP and
1,700 + 200 a BP, with evidence of coseismic surface rupture. The T2 terrace
abandonment age of the Heijin River is approximately 55.13 + 1.78 ka (OSL),
and the maximum cumulative right-lateral offset may reach 110 + 5m. Thus,
the maximum right-slip rate of the Tangyuan segment of the YYFZ since the
late Quaternary is constrained to 1-2 mm/a according to the upper terrace
model. This study suggests that the presence of a new fault in the basin
interior merits more attention when assessing the influential surface range and
earthquake potential along the YYFZ, and the features of “low tectonic loading
rate, activity migration in space, and clustering in time separated by ten thousand
years of seismic quiescence” observed along the YYFZ are highly important
for earthquake model construction and tectonic deformation studies in stable
continental regions (SCRs).

late Quaternary, slip rate, Yilan-Yitong Fault Zone, NE China, tectonic deformation

1 Introduction

The late Quaternary slip rate of strike-slip faults is an important parameter both in fault
rupture behavior analysis and in seismic hazard assessment, especially for stable continental
regions (SCRs), where the tectonic loading rates can be ignored or are much lower than those
in interplate regions (Calais, et al., 2016 and references therein). However, studies of the late
Quaternary slip rate along the strike-slip active faults in SCRs have always been limited by
intensive artificial modification and vegetation coverage, which greatly influence earthquake
model construction and tectonic deformation style studies in SCRs (Calais, et al., 2016).
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The NE China Plain may be a typical area in regard to SCRs,
given its low tectonic loading rates, spatial activity migration, weak
imprint geology, and the topography of active tectonics (Min et al.,
2015a; Yuetal., 2015b; Z. Yu, 2016; Calais, et al., 2016; Yu et al.,
2018; Shu et al,, 2020; Chen, 2021). The Yilan-Yitong Fault Zone
(YYFZ), the northeastern primary branch of the Tancheng-Lujiang
Fault Zone (TLFZ) on the NE China Plain, is the largest continental-
scale strike-slip active structure in the collision area between the
western Pacific Plate and thee Eurasia Plate, with a spacing of
~30km and a length of ~3,600 km; this zone extends from the
Northern China Block through Bohai Bay, the NE China Plain, and
into the Russian area (Figure 1A). During the past ~10 years, the
TLFZ has been studied intensively because of its great significance
for understanding volcanic eruptions, tectonic deformation, and
mineral resource exploitation, as well as disaster prevention and risk
mitigation in densely inhabited areas with high earthquake potential
along the structure (Tangetal, 2010; Mietal, 2013; Yang et al.,
2014; Zhai et al., 2016). Previous studies on this giant structure have
focused mainly on its Cenozoic tectonic deformation, stress field
processes, and dynamic mechanisms (Tian and Du, 1987; Liu et al.,
1993; Ren et al., 1999; Ren et al., 2002; Li et al., 2002; Tong, 2002;
Q. Zhang et al,, 2005; Sun et al., 2006; Shen et al., 2006; Yang et al.,
2007; et al., 2009).

The intense seismicity that has occurred along the TLFZ during
the past ~50 years has pushed the structure into the focus of
scientific research. More than 10 catastrophic earthquakes have
affected the residents and cities along the TLFZ. For example, as
documented in history, more than 50,000 people were killed by an M
8.5 earthquake that occurred in Tancheng city in Shandong Province
in 1668, the epicenter of which was located in the central segment
of the TLFZ. In addition, the 1970 M 7.4 earthquake in Bohai Bay
and the 1975 M 7.3 event in Haicheng city in Liaoning Province
were also associated with the activity of the TLFZ. Although
these earthquakes had obvious spatial jumping characteristics
and no more than two historical strong earthquake events have
been recorded in the same location, these data still suggest that
the TLFZ is a strong seismogenic zone (M>7) in the eastern
region of China.

However, there are no written records or instrumental events
of M>6 earthquakes along the YYFZ, which is generally viewed as
an important branch of the TLFZ in NE China (Figure 1B) (Yin
and Nie, 1993; Xu and Zhu, 1994; Lietal, 2013; G. Zhuetal.,
2015; Yuetal., 2016). Therefore, previous studies have suggested
that the YYFZ is weakly active and has only a moderate earthquake
generation capacity. In recent years, this traditional viewpoint
has been questioned by new studies on the active tectonics and
earthquake potential of the YYFZ, which have greatly increased
international scientific interest both in the seismogenic faulting
behavior and tectonic deformation models in the NE Asian region
(Min et al,, 2011; Min etal.,, 2013; Yu etal.,, 2015a; Z. Yuetal,
2015b; Z. Yu, 2016; Yu et al., 2016; Zhai et al., 2016; Gu et al., 2017;
Yu et al,, 2018; Shu et al., 2020; Wang et al., 2021). Although recent
research has suggested that, at least for partial segments, the YYFZ
has experienced strong segmented tectonic deformation and has
experienced multiple paleoseismic events (M>7) since the late
Quaternary, little progress has been made on its late Quaternary
strike-slip rate because of intensive artificial modification and strong
vegetation coverage.
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Thus, are there any other newly activated segments of the
YYFZ other than the previously observed sections, such as Tonghe,
Shulan, and Shangzhi, since the late Quaternary? How about its late
Quaternary strike-slip rate and its implications for rupture behavior
analysis and seismic potential assessment of slow-slipping and
comparably less-active faults and the seismic fortification criterion
regions where the population and infrastructure are often ill-
prepared in SCRs? This research attempts to answer these unresolved
fundamental questions based on a previous preliminary study
and integrated field investigations of the active tectonics, seismic
reflections, microtopography, and paleoseismicity of the Tangyuan
segment of the YYFZ in the late Quaternary. The results of this
study will not only aid in the in-depth study of the present tectonic
deformation and active tectonic characteristics and the risk of strong
earthquakes in NE China but will also contribute to a deeper
understanding of continental deformation and the rheological
characteristics of the continental lithosphere under the influence of
oblique subduction of the western Pacific Plate. Additionally, the
results are of great scientific significance for studying the tectonic
formation, fault evolution, and regional deformation mechanics of
NE Asia.

2 Geologic setting

The TLFZ formed and experienced the first cycle of sinistral slip
faulting because of the collision between the North China Craton
and the South China Block during the early Mesozoic (Yin and Nie,
1993; Zhu et al., 2009; Zhao et al., 2016; Gu et al., 2017); finally, it
extended into NE China, and the YYFZ was born and developed
after that time (G. Zhu et al,, 2005; G; Zhu, Wang, Gu, Zhang and
Liu, 2016; Sun et al.,, 2006; Gu et al., 2016; 2017). Zheng, Gao, and
Zheng (1988) segmented the TLFZ into four sections according
to the differences in the geologic structure, evolution, neotectonic,
and modern seismic features (Min etal, 2017). Each segment
has distinctive geometric characteristics, quantitative kinematic
parameters, and seismic activity characteristics. In contrast to
the other three segments, the western Yilan-Yitong Fault Zone
(YYFZ) had an earthquake with a maximum modern instrumental
magnitude of M 5.8 in 1963 in Luobei County near the China-Russia
border area. In contrast, the eastern Dunhua-Mishan Fault Zone
(DDFZ) connects a series of Neogene basalt and Quaternary
basins without active faults at the surface (Zhang and Wang, 1995;
Zhang et al., 2014; Yuetal.,, 2015a; 2015b; Yu, 2016) (Figure 1).
The latest deep seismic reflections across the northern part of the
structure, the location of which is marked with a black dashed line in
Figure 1B, reveal that the faults formed a large-scale flower structure
with a distinctive Moho offset in the middle (Xu et al., 2017; Zheng
etal., 2022) (Figure 2).

In the planar view, the NE-SW-trending, nearly 1,100-km-
long YYFZ extends from Shenyang, Changchun, and Harbin
to Russia after exiting the Bohai Gulf and entering the land
(Deng, Ran, Yang, Min and Chu, 2007) (Figure 1B). Two nearly
parallel boundary faults of the YYFZ with a spacing of 5-30 km
could be delineated as long, narrow grabens along its strike
(Geology and Mineral Resources Bureau of Heilongjiang Province,
1993; Huang and Zhao, 2006; Lietal, 2013; Guetal, 2017)
(Figure 1B).

frontiersin.org


https://doi.org/10.3389/feart.2024.1413084
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Yu et al.

10.3389/feart.2024.1413084

Okhotsk

\Study
area

seismic profile DD’

e ‘
e .
Tibetan Platcau
N o p

i < East China Sca
- South China block B

N -~

700km

(@)
$Zhenlai

€/ o

FIGURE 1

Basin).

Seismotectonic map of NE China and the neighboring area. (A) Distribution of the active blocks and the Tancheng-Lujiang Fault Zone (TLFZ,
highlighted in red line) in China, modified from Deng et al. (2007) and Yu et al. (2018). (B) Seismotectonic map of the YYFZ (Yilan-Yitong Fault Zone)
and NE China area. Blue dashed rectangle box in the NE part of the YYFZ indicates the research area of the Tangyuan segment. Blue solid circles
represent the distribution of modern earthquakes (Ms>1.0). Black dashed lines (AA', BB’, and CC') near Tangyuan stand for the distribution of artificial
seismic detection profiles. Abbreviations: TLFZ (Tancheng-Lujiang Fault Zone); NJFZ (NenJiang Fault Zone); DDFZ (Da'an—Dedu Fault Zone); YYFZ
(Yilan-Yitong Fault Zone); DMFZ (Dunhua—Mishan Fault Zone); BBB (Bohai Bay Basin); XLHB (XiaLiaoHe Basin); SLB (SongLiao Basin); SIB (SanJiang
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Generally, the thick Paleogene sediments and Lower Cretaceous
sediments are connected by an angular unconformity in the
graben (Liu et al., 1993; Tang et al., 2009). Previous studies revealed
four secondary grabens from the northeast to southwest, namely,
Tangyuan, Fangzheng, Shulan, and Yitong, which are separated
by four uplift structures (Gu et al., 2017). The Tangyuan graben is
located in the northeastern corner of the YYFZ (Gu et al.,, 2017)
(Figure 1). Wang (2007) reported that the Tangyuan graben includes
5 km of Paleogene sediments, such as the Paleocene Wuyun (E,w),
Eocene Xinancun (E,x), Eocene Dalianhe (E,d), and Oligocene
Baoquanling (E;b) formations. The Neogene sediments in the
Tangyuan graben are composed of 650 m of the Fujin (N;-2¢)
formation, while the Quaternary sediments are composed of loose
sandy conglomerate and mudstone with a thickness of ~50 m
(Figure 2).

The architecture of the Tangyuan graben along the YYFZ in the
sectional view can be sketched by three parallel seismic profiles,
AA, BB, and CC’ (Figures 1, 3) (Wang, 2007; Gu et al., 2017), and
the locations of the profiles are marked by dashed black lines in
Figure 1B. In general, the graben is cut by four major NE-striking
faults, named the F1, F2, F3, and F4 faults (Figure 3). The flower
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structure and a half-graben geometric structure can be observed
in the sections, which are bounded mainly by the NE-striking
eastern boundary faults. These oil seismic reflection profiles show
the stratigraphic deformation characteristics of “east faulting and
west superimposition,” indicating that the fault deformation of the
western boundary was the most intense and played a controlling
role in the formation and evolution of the entire graben during the
Tertiary period. The profiles also reveal that the DMFZ developed
a positive flower structure with a thrust motion, while the YYFZ
experienced an inversion from an early negative flower structure
to a later positive flower structure because of the change in the
regional tectonic stress field in the late Cenozoic (Gu et al., 2017).
Although the kinematic features of faults F1, F2, and F3 are strike-
slip movements with a normal component in the seismic profiles,
the latest rupture of fault F4 is dominated by strike-slip motion
with a thrust movement. However, the recent activity characteristics
of the Tangyuan graben in the late Quaternary cannot be directly
judged by these oil seismic profiles, given their resolution at
shallow depths (Figure 3). Thus, the tectonic deformation of these
faults in late Quaternary sediments constitutes the focus of this
research.
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General stratigraphic column of the Yilan-Yitong graben (modified from Wang, 2007; Yu et al., 2018).

3 Methods and data

Integrated methods and data are adopted in this research,
including interpretations of high-resolution satellite images, surface
geological investigations, geomorphic surveys and mapping, trench
excavations and logs, dating of OSL and e samples, UAV aerial
surveys, reinterpretations of high-resolution seismic reflections
collected from Dagqing Oil Company, and the recollection and
reanalysis of previous studies and earthquake catalogs of the
YYFZ.

Landsat satellite images are first selected and interpreted in
this study (Figure 4). All the sites are composed of distinguishable
Late Pleistocene sediments that can yield data about the active
deformation of the fault. In contrast to previous studies (Yu et al.,
2018), this study selects the river terraces of the Heijin River, a first-
level tributary of the Songhuajiang River that flows through the
Tangyuan graben in NE China, as the key research object of the
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study and carries out detailed geomorphological investigations and
large-scale trench excavation verification across the structure, which
lays an important foundation for the study of the strike-slip rate of
the fault since the late Quaternary.

Research on trenches is the first and foremost research
method that provides a solid basis for further discussion of the
active deformation of the structures. Three trenches are excavated
perpendicular to the structural belt after careful position selection
based on the preparation of the indoor preview and interpretation
of high-resolution satellite images (Figures 5-10). The sizes of the
sedimentary particles in the trench logs are classified according
to Huggett (2011). Each separate photograph is merged into a
mosaic body with grids of photographs in professional software for
large-scale geologic mapping (Vanneste et al., 1999; Houtgast et al.,
2005; Philip et al., 2012), and all of the stratigraphic characteristics
and tectonic deformation are directly recognized in the field again
with the integrated mosaic photographs in hand.
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FIGURE 3

Tectonic interpretation profiles of oil seismic prospecting lines. Reflectors T1, T2, T3, T4, T5, and Tg in the profiles stand for the Quaternary sediments,
Neogene series, upper Oligocene series, lower Oligocene series, middle-upper Eocene series, Paleocene sediments, and the bed rock, respectively.
Faults F1-F4 of the YYFZ (modified from Wang, 2007). The locations of the profile (AA'=CC’) are marked in dashed black lines in Figure 1B.

Faulting events are discerned based on the disturbed sediments
and layers and the microgeomorphic evidence of surface
deformation. The horizontal displacement of the river terrace is
obtained directly by a high-precision UAV aerial survey, while the
vertical displacement is measured according to lined grids and a
steel measuring tape in trenches (Audemard et al., 1999; Cetin et al.,
2003; Lafuente, etal., 2011). The UAV equipment used in this
research is a DJI Phantom 4 RTK, with a flight height of 120 m,
a sampling interval of 0.1s, an effective number of pixels of 20.0
million, a maximum resolution 0f 4,000x3,000, a 24-mm-wide angle
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lens, and a camera lens of 94° 20 mm. Data processing and analysis
are mainly carried out by professional software applications such as
PhotoScan, and geomorphic marker recognition and displacement
measurements are carried out on the processed images. The
accuracy of the obtained data supports the existing research
results.

The shallow artificial seismic reflection method is used in this
study, although the collected oil seismic reflection profile reveals its
deep structural characteristics. In the field, an ~2 km long survey
line is established to the north of Shenli village. The position of the
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Interpreted Spot-5 satellite image of the Tangyuan part along the YYFZ. Red arrows in the map indicate the strike of fault scarps and sag ponds. White
hollow rectangles stand for the location of trenches dug across the fault traces, which are interpreted based on the satellite images. The yellow dashed
rectangle box in the lower left corner highlights the study area for the UAV aerial survey, while the yellow dashed line spread in the nearly N-S direction
to the north of the Shenli village marks the location of the shallow artificial seismic detection profile.
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FIGURE 5

Trench logs of TCTO1 to the east corner of the Rongfeng village along the NE Tangyuan segment of the YYFZ. (A) Profile of the east wall. (B)
Interpretation map of the east wall. The tectonic activity of the fault resulted in liquefied folds and recumbent folds, as well as the vertical displacement
of the corresponding stratum. (C) Detailed part are zoomed in on Figure 6.
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FIGURE 6

Enlarged picture in TCTO1 of Figure 5A to the east corner of Rongfeng village. Note the pink pencil in the picture for scale; white arrows in the middle
indicate the fault line. The picture reveals the gravels aligned along the main fault plane.

reflection profile is shown in Figure 4. The seismic reflection signal
is activated by a 24-ton vehicle source, with 64 channels and 2-
m intervals in space in the field. Finally, the filtered and corrected
waveforms are used to interpret the recent deformation of the fault
in the basin interior (Figure 8).
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How to constrain the ages of the latest tectonic deformation
is another key point. It is generally accepted that the age of the
youngest strata affected and the age of the oldest strata not subjected
to deformation could be used to limit the event age. Based on
this simple assumption, '*C and optically stimulated luminescence
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FIGURE 7
Trench logs of TCTO2 to the northwest of Rongfeng village, Tangyuan segment of YYFZ. (A) Profile of the east wall. (B) Interpretation results of the east

wall. Interpreted profile reveals that the recent activity of the fault created tension cracks, which were filled with clay and gravels. In addition, the
tectonic deformation features such as liquefaction, sediments ejection, and gravels aligned along the fault plane are developed.

(OSL) samples are collected in the field. To prevent the samples  through a 30-cm-long stainless-steel tube, and both ends of the
from being exposed or contaminated, the '“C samples are sampled ~ tube are sealed with tin foil to ensure no exposure. All of the '*C
and packaged in the field with professional tools and sampling bags. ~ samples are tested by Beta Analytic, Inc., in the United States. All
The OSL samples are collected horizontally into the excavated soil ~ dating samples for OSL are jointly measured at the Institute of
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FIGURE 8

Tectonic interpretation profiles of the shallow artificial seismic prospecting line. The location of the profile is marked in a dashed yellow line in Figure 4.
(A) Below is the interpretive profile. The red lines in the profile represent the interpreted active faults, while the yellow, blue, and green lines in the map
represent different reflective interfaces. (B) The interpreted profile reveals that the late Quaternary sediments are displaced by the tectonic deformation
of the fault F1. The displacement difference of the different reflecting interfaces shows that the tectonic deformation of the fault has been going on
since the Quaternary era.

Disaster Prevention and the Institute of Geology, China Earthquake According to the indoor interpretation of high-resolution SPOT-
Administration (IGCEA), through the sensitivity-corrected multiple 5 satellite images, we observed a linear geomorphic abnormal
aliquot regenerative-dose (SMAR) protocol that is widely used  belt that trends ~N45°E and cuts through the graben interior,
in the OSL dating laboratory (Luetal., 2007; Lu,etal, 2007)  which is distributed from the south of Jicheng village to Rongfeng
(Table 1). Additionally, all of the chronology experiments are  village and has a length of ~15 km (Figure 4). Field investigations
conducted in strict accordance with laboratory procedures to ensure  revealed a series of sag ponds and small bulges elongated parallel
that no modern materials are mixed and that no samples are  to geomorphic scarps (Yuetal, 2018). Our previous surface
contaminated. investigations revealed a series of scarps that were parallelly
distributed along a nearly straight line. Based on the field
investigation, the speculated fault trace is delineated by red arrows
4 Results in the Spot-5 satellite image, while the geomorphic scarps and sag
ponds are indicated by thin white arrows (Figure 4).
4.1 Geometric features of the Tangyuan
segment of the YYFZ
4.2 Features of the latest tectonic
Topographically, the Tangyuan graben separates the Sanjiang ~deformation revealed by the trenches
Basin, the Lesser Xing’an Range, and the Zhangguangcai Range from
north to south (Figure 1). The Tangyuan graben is controlled by To test whether these geomorphic scarps were the result of fault
the two boundary faults of the YYFZ. The width of this graben activity, two trenches, TCT01 and TCTO02, were excavated across the
abruptly increases to ~50 km. Modern sparse earthquakes are  inferred fault traces for further inspection of this inference and the
mainly concentrated along the transitional zone from the Lesser  detection of the latest activity features of the Tangyuan graben of the
Xing’an Range to the northwestern boundary fault. YYFZ (Figures 5-7).
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FIGURE 9

General geomorphic features along the SW section of the Tangyuan segment. (A) High-resolution digital elevation model (DEM) resulted from UAV
survey data. Blue dashed lines delineate the modern course morphology of the Heijin River. Four topographic profiles crossing the river terraces reflect
that the new activity of the fault resulted in obvious geomorphic scarps and sag ponds, as shown in the photographs (B, C). Red arrows in the photos
highlight the fault scarps. Field survey also shows that the remaining geomorphic scarps are about 1-m-high, although the heights of some individual

fault scarps may have been modified by modern farming and industry. Note that the vertical displacement of the T2 terrace surface is approximately
2m.

Frontiers in Earth Science 10 frontiersin.org


https://doi.org/10.3389/feart.2024.1413084
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Yu et al.

10.3389/feart.2024.1413084

Tangyuan County

230°
—

Person for scale Faultscarp Fault
. aultscarp

|

50 H(m)

50

/
F1:150° £ 55° F2:320° £70°

Gelink pen’
= fofscale \

N £

@ Fsa4

~——YYFZ-TYOSL-06 55.13+1.78 ka

Al \
F3:1457250° p4.3200 £65° 0° Z65°

1

FIGURE 10

different stratigraphic boundaries.

?@;}7 Grey silty clay Brown sandy-clay Black clay & fine sand with roots Surface black soil \\ Normal faults o/m | Sites of OSL/"'C samples -
o 20 30 4o 80 o 7o 80 90 10 A1 12 43 14 15 4s 47 18 19 20 2 22 25 2 25 2 21 2 2 0 #3233 2

Detailed field investigation near the Heijin River (the research scope is delineated by the blue dashed rectangle in Figure 4). (A) Aerial photograph

obtained by UAV survey shows that the terraces of the Heijin River are displaced by the new activity of the fault. White solid lines in the photograph
delineate the terrace risers, while the white dashed lines represent the fault traces. (B) Linear fault scarps with the height of ~1.5 m can be observed
along the structure. (C) Trench log dug across the T2 terrace. (D—G) Enlarged photographs show the detailed deformation features observed in the
trench profile. Red lines in the profile represent the active faults, while the yellow dashed lines, blue dashed lines, and black dashed lines represent
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Trench TCTO01 was excavated in the northeastern corner
of the inferred fault lines (Figure4). The TCTOl trench was
approximately 17 m long and ~3 m deep (Figure 5), and six types
of sediments could be identified based on their components and
microstructures, including black soil with plant roots near the
surface (unit 1), red-brown silty clay with pebbles (unit 2), black
layered fine sand with sorted pebbles (unit 3), canary silty sand
with poorly sorted pebbles (unit 4), dark-yellow silt with fine sand
(unit 5), and black silt with fine sand and tufted pebbles (unit
6). One of the common characteristics was that unsorted small
particles of pebbles and gravels were present in almost all the
units.

Only one fault was revealed in trench TCTO01, and it is marked
as F1 in Figure 5B. Fault F1 was covered by the strata of units 1-2,
the thicknesses of which were relatively flat without any evidence of
deformation. Thus, it is suggested that the last movement of fault F1
occurred before the sedimentation of units 1-2. Downward, fault F1
cuts units 3-6 normally with a vertical displacement of 0.8 £0.1 m
(Figures 5A-C), which indicates that the latest rupture of fault F1
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occurred later than the formation of unit 3. As a result, the latest
rupture time of fault F1 can be constrained by the ages of sample
TCTO01-OSL-04 (3,100 + 200 a BP).

Trench TCTO02 was located in the southwestern part of the
inferred fault traces near Helitun village (Figure 7). This trench
was approximately 4 m long and ~2.5 m deep (Figures 7A, B), and
at least five types of sediments could be identified based on their
components and microstructures, including black soil with plant
roots near the surface (unit 1), brown tabular sand with sorted
pebbles (unit 2), red-brown silt clay with pebbles (unit 3), canary
silty sand with clustered pebbles (unit 4), and dark-yellow silt with
sand, lenticular black sand, and sorted pebbles (unit 5). Unsorted
small particles of pebbles and gravel were clustered in the trench wall
(Figure 7).

Fault F1 was directly buried by unit 1 (Figures 7A, B). The
strata from unit 3 to unit 5 on both sides of fault F1 matched
very well. In contrast to the tectonic deformation revealed by
other trenches, the main rupturing features of fault F1 in trench
TCT02 included not only a normal offset of 0.3-0.7 m but also
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TABLE 1 Measured ages of samples from trenches at the Tangyuan segment along the YYFZ in NE China.

10.3389/feart.2024.1413084

No. in No.inthe Depth(m) U-238 Ra-226 Th-232 Water Dose Eq. dose | Age (ka)

the field laboratory (Bg/Kg) (Bg/Kg) (Bg/Kg) content rate (Gy)
(VA (Gy/ka)

TCTO1- FZO17-113 1.20 234+58 108+ 0.5 285+0.6 2 50405 824456 16.5+3.2

OSL-01

TCTO1- FZO17-114 0.50 275+6.0 131405 20.1+0.6 3 47405 30.6+2.1 65405

OSL-02

TCTO1- FZO17-116 0.40 36.0+7.5 145+0.6 426+08 2 53+0.5 164+12 31402

OSL-04

TCTO1- FZO17-123 130 27.5+6.0 17.1+05 29.1+0.6 3 45405 64.8 4.8 144409

OSL-11

TCTO1- FZO17-125 0.70 436+83 338407 544+ 1.0 6 40+03 408+0.9 102409

0SL-13

TCTO1- FZO17-130 1.10 38.1£6.6 338404 50.2+ 1.0 12 34%03 193+12 57+0.3

OSL-19

TCT02- FZO17-126 2.00 50.4£5.5 378406 35.9+0.7 9 34203 120.0 +8.2 353+28

OSL-14

TCTO02- FZO17-124 1.00 36.0+7.5 145+ 0.6 42,6408 7 3.6+0.3 421426 117408

OSL-12

TCT02- FZO17-115 025 28.1+6.7 25.9+0.6 50.3+0.8 4 36402 6.1+0.6 17402

OSL-03

TCT02- FZO17-129 225 401467 269 +0.6 48.6+ 1.0 6 38403 136.1+9.2 35.7 3.0

OSL-17

TCT02- FZO17-117 0.40 51.1£9.9 199408 504+ 1.0 12 46+05 129+1.0 28402

OSL-05

TCT02- FZO17-118 042 436+83 238+0.7 544+ 1.0 7 47405 187+15 40404

OSL-06

TCT02- FZO17-119 045 411%67 239+0.6 523+0.8 14 38+0.3 164+13 43404

OSL-07

YYFZ- FZ23-91 1.06 233£013 | 12364009 | 213005 13 391403 64.06+09 | 1638%0.49
TYOSL-01

YYFZ- F723-92 3.00 148+0.15 | 12464009 | 244+003 13 3.90+0.3 21509429 | 5513+178
TYOSL-06

YYFZ- F723-93 1.00 165+0.15 | 1349+009 & 1.98+0.04 16 3.67+0.2 8452451 | 23.04+0.70
TYOSL-07

YYFZ- F723-94 450 1854010 | 1401+009 | 216+0.04 12 3.88+0.3 167.72+82 | 4328+ 1.66
TYOSL-08

All optically stimulated luminescence (OSL) samples are tested by the Institute of Geology in the China Earthquake Administration (IGCEA) and the Institute of Disaster Prevention of China
Earthquake Administration. The sensitivity-corrected multiple aliquot regenerative-dose (SMAR) method is adopted in this measurement process (Lu et al., 2007). All measurements were
performed using a Daybreak 2200 automated OSL reader equipped with a combined blue (470 + 5 nm) and infrared (880 + 80 nm) LED OSL unit, two 90Sr/90Y beta sources (0.19 and

0.157 Gy/s), and an Am-241 alpha source (0.062 pm-2 s—1) for irradiations.

other features of coseismic deformation, such as liquefaction, water samples were collected from this trench, which constrains the age

ejection, vented sediment, lateral spreads, and some types of soft- of the latest movement of fault F1. The latest movement of fault F1
sediment deformation (Figures 7A, B). The relationship between  should not have occurred before the formation of unit 2 and after the
this coseismic deformation and the latest activity of the YYFZ is  deposition of unit 1. In other words, the occurrence time of the last

further analyzed in the Discussion section. Nine effective dating  paleoearthquake revealed in trenches can be further limited between
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the ages of sample TCT02-OSL-03 (1,700 + 200 a BP) and sample
TCT02-OSL-05 (2,800+ 200 a BP).

4.3 Kinematics of the latest movement of
the YYFZ in the Tangyuan graben

Although it is widely accepted that the TLFZ experienced many
stages of tectonic deformation and that two stages of extensional
deformation on the Cenozoic East Asian continental margin might
have resulted in widespread extensional deformation (Ren et al.,
2002; Yin, 2010), right-slip faulting with a dip slip moment of the
latest deformation along the structure was recently observed in
NE China (Min et al., 2013; Yu, 2016; Yu et al., 2016; Zhai et al.,
2016; Guetal, 2017). There are many other pieces of evidence,
such as focal mechanisms of strong earthquakes (M=>7), GPS (global
position system) observations, and in situ stress measurements,
which also support this viewpoint. In addition, several scientists
have suggested that dextral strike-slip motion with thrust extrusion
has been the main feature in NE China since the late Quaternary
because of the nearly east-west compression effect (P. Z. Zhang et al.,
2003; Hsiao, Graham and Tilander, 2004; Zhu et al., 2015).

The newly obtained tectonic interpretation profiles of the
shallow artificial seismic prospecting line in the Tangyuan graben
further support this observation. The location of the profile
is marked by a dashed yellow line in Figure4. As shown
in Figure 8, the late Quaternary sediments are vertically displaced
by the tectonic deformation of fault FI in the basin interior.
This deformation feature is consistent with the geomorphic
features such as the sag pond and fault scarp observed on the
surface and with the displacement characteristics observed in
the trenches.

The differences in the displacements of the different reflecting
interfaces show that the tectonic deformation of the fault has
continued since the Quaternary. Additionally, the T01 reflector,
which represents an important boundary between the Upper
Pleistocene sediments and Middle Pleistocene sediments, was
directly displaced normally (Figure 4). Thus, based on the above
observations and dating results, the YYFZ in the Tangyuan graben
has been active since the Late Holocene. The latest rupture event in
the graben interior occurred between 1,700 + 200 a BP and 2,800+
600 a BP, the kinematics of which are dominated by a right strike-slip
movement with a normal component.

4.4 Late Quaternary strike-slip rate of the
YYFZ in the Tangyuan graben

The offset river terraces in the Heijin River provide geological
constraints for the estimation of the strike-slip rate of the YYFZ
(Figures 9-11), although previous research has also carried out
preliminary constraints based on the results of trench excavation
and the deflection of small streams and GPS surveys (Yuetal,
2016; Shu et al., 2020). With the help of a high-resolution digital
elevation model (DEM) derived from UAV survey data, a distinct
linear geomorphic scarp with a trend of ~N50°E across the Heijin
River, a main tributary of the Tangyuan section of the Songhuajiang
River, can be observed (Figure 9A).
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In particular, it seems that multiple river terraces were
systematically deformed by the tectonic deformation of the structure
(Figure 9A). Four topographic profiles crossing the river terraces
indicate that the new activity of the fault resulted in obvious
geomorphic scarps, and the remaining geomorphic scarps are
approximately 1 m high, although the heights of some individual
fault scarps may have been modified by modern farming and
industry. Note that the vertical displacement of the T2 terrace
surface was approximately 2 m. Field investigation further revealed
that the rice fields on either side of the scarp have a noticeable
difference in elevation. Different sections of scarps are connected
by steps, the widths of which vary from ~2 to 5 m (Figures 9B, C).
Although modern human farming might have had a significant
impact on the preservation and evolution of these geomorphic
scarps, it is speculated that these geomorphic scarps were mainly
caused by recent fault activity.

To verify this speculation, one trench was excavated at the T2
terrace of the Heijin River, as shown in Figures 9 and 10. The trench
log was also used to estimate the slip rate of the structure in the late
Quaternary. Two faults formed a fault zone in the form of a step
(Figure 10A) passing through the Heijin River and its terraces, and
there was a geomorphic scarp and sag pond at a distance. Combining
the UAV survey results with the field investigation, the maximum
cumulative right-lateral offsets of the T2 terrace and T1 terrace may
reach 110 + 5 m and ~10 + 1 m, respectively.

The trench was approximately 33 m long and ~4m deep
(Figure 10C), and four types of sediments could be identified based
on their differences in components and microstructures: gray silty
clay with sorted pebbles (unit 1), brown sand clay with fine sand
(unit 2), black clay and fine sand with roots (unit 3), and black
soil with plant roots near the surface (unit 4) (Figures 10C-G).
In addition to the obvious fault rupture, evidence of coseismic
deformation, such as gravel orientation and sand liquefaction near
the fault trace, could also be observed (Figures 10D-G).

Five faults were identified according to the cross-cutting
relationships and section characteristics of the strata in the profile.
Faults F1, F3, and F5 constitute the major structures because they
have consistent trends and larger vertical displacements, while
faults F2 and F4 could be seen as secondary faults with opposite
trends and small offsets. Unit 4, approximately 1.2 m thick near the
surface, is the main unit affected by agricultural cultivation today,
and its approximate horizontal distribution shows that it has not
suffered deformation. A detailed field investigation also revealed
that the upper breakpoints of all the faults were covered by unit
1. Faults F1 and F2 are located at the western end of the profile
and form a Y-shaped graben. Strata units 2 and 3 were vertically
dislocated by approximately 1.2 m. The geometric structure and
motion characteristics of faults F3 and F4 in the middle section are
very similar to those of F1 and F2. Fault F5, located at the eastern end
of the profile, is different from the other faults, given its deformation
characteristics. Unit 3 is the youngest of the faulted formations and
is rich in plant roots and clay. Additionally, the thickness of unit 3
approximately represents ~0.8 m of the vertical displacement of the
fault, although unit 3 in the upper wall was not retained because
of denudation and erosion. The vertical displacement of ~0.8 m in
formation 3 was inconsistent with that of 1.5 m in formation 1 and
formation 2, which suggests that the fault may have experienced at
least two stages of active deformation at this location (Figure 10C).
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Partially eroded d(T2/T1)=d1+d2

Deposition and incision Right-lateral shear Partially eroded
FIGURE 11

Right-lateral strike-slip offset and evolution terraces of the Heijin River flowing toward the readers (modified from Cowgill et al., 2007; Zhang et al.,
2007; Li et al., 2008). (A) The stream cuts down and erodes laterally to form early river terrace T2. (B) River terrace T2 is horizontally displaced by the
right-lateral shear of the active fault, resulting in the horizontal displacement d1. (C) Lateral erosion of the river has partially or completely eroded the
inner terrace T2 on either side of the channel so that the displacement d1 near the river bed cannot be fully preserved. (D) River continues to undergo a
new round of accumulation and incision process, preparing for the formation of new terrace T1. (E) A new right-lateral strike-slip movement occurred
on the fault, resulting in the horizontal displacement d2 on the T1 terrace, while the displacement d2+d1 is documented on the outer terrace T2 away
from the channel. This process of movement and evolution indicates that the slip rate constrained by the abandonment age of the terrace T2 and the

cumulative displacement d2+d1 may be more reasonable. (F) Partial erosion may result in incomplete preservation of terrace T1, and river
accumulation and the down cutting process is expected to continue in the near future.

The starting time of fault displacement is crucial in the
estimation of the corresponding slip rate because of the
displacement and upper and lower ages of the corresponding terrace
(Cowgill, 2007; Gold et al., 2009; Zhang et al., 2007; 2008; Liu et al.,
2021). Generally, the lower terrace model usually provides the upper
limit of the slip rate, while the upper terrace model provides the
lower limit, given the different erosion degrees of river flow on the
terrace scarps in different areas (Zhang et al., 2007; Liu et al., 2021).
Therefore, the appropriate terrace reconstruction and evolutionary
model first needs to be selected according to the actual situation.
A previous study showed that the ages of the upper terraces should
more closely approximate the ages of risers than those of the lower
terraces in weak erosion cases (Liu et al., 2021).

In NE China, the terrain relief is subtle, and the climate
conditions are relatively wet, dry, and cold. Thus, we first
reconstructed a model of the right-lateral strike-slip offset and
evolutionary terraces of the Heijin River (modified from Cowgill
etal, 2007; Zhangetal,, 2007; Lietal,, 2008; Zhang et al., 2007;
2008; Liu et al., 2021) (Figure 11). According to the terrace model,
the stream cut down and eroded laterally to form the early river
terrace T2 (Figure 11A). Then, the T2 river terrace was horizontally
displaced by the right-lateral shear of the active fault, resulting
in the horizontal displacement d1 (Figure 11B). Lateral erosion of
the river partially or completely eroded the inner terrace T2 on
either side of the channel; therefore, the displacement d1 near the
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riverbed could not be fully preserved (Figure 11C). Furthermore,
the river continued to undergo a new round of accumulation and
incision processes, preparing for the formation of the new terrace,
T1 (Figure 11D). Then, a new right-lateral strike-slip movement
occurred on the fault, resulting in the horizontal displacement d2
on the T1 terrace, while the displacement d2+d1 was documented
on the outer terrace T2 away from the channel (Figure 11E). Partial
erosion may have resulted in incomplete preservation of terrace
T1, and river accumulation and downcutting will continue in the
near future (Figure 11F). Under tectonic movement and terrace
evolution, it is reasonable that the strike-slip rate of the active fault
should be constrained by the abandonment age of terrace T2 and the
cumulative displacement d2+d1 (Figure 11).

Two OSL dating samples were collected from this profile to
determine the deposition time of the strata and the deformation
time of the event (Figure 10C; Table 1). The dating results revealed
two important insights. First, the latest deformation of F5 in the
T2 terrace likely occurred later than the abandonment of unit 3,
although no datable samples could be collected in the field to
constrain the deformation time of the event. In addition, the time of
the penultimate event could be constrained by the age of formation
1 (YYFZ-TYOSL-06, 55.13 + 1.78 ka BP and YYFZ-TYOSL-08,
43.28 + 1.66 ka BP). Thus, the late Quaternary right-slip rate of
the structure can be constrained at ~1-2 mm/a if the ~110 = 5m
maximum cumulative right-lateral offsets of T2 and the age of
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formation 1 (YYFZ-TYOSL-06, 55.13 + 1.78 ka BP and YYFZ-
TYOSL-08, 43.28 + 1.66 ka BP) are considered according to the
upper terrace model (Li et al., 2008; Zhang et al., 2008).

5 Discussion

5.1 Recognition of paleoearthquakes on
the Tangyuan segment of the YYFZ

Paleoseismic evidence can be classified as primary evidence or
secondary evidence according to historical earthquakes (McCalpin,
1996; 2009). The former directly results from coseismic faulting
along a specific fault plane (including the growth of fault-related
folds) and is equivalent to “seismotectonic deformation,” while
the latter results from earthquake shaking or from erosional and
depositional responses to coseismic elevation changes.

Based on the investigation results, we found that the faulting
features discovered along the Tangyuan segment of the YYFZ
consisted of linear scarps and troughs, linear sag ponds, small horsts
and grabens, a fresh fault plane and fault belt with filling, filling
wedge and fissure filling (Figures 5, 6), faulted strata (Figures 5-8),
and folded strata (Figure 5), which indicates that this morphologic
and sedimentologic evidence of ground deformation should be
viewed as primary paleoseismic evidence of the latest activity along
the Tangyuan segment of the YYFZ in the late Quaternary. In
addition, secondary evidence could also be observed in our research.
Liquefaction was most obvious in trench TCT02 (Figure 7). The
strong ground shaking that occurred during this paleoearthquake
in the Tangyuan graben of the YYFZ caused obvious liquefaction
and sediment ejection (Figure 7), which likely resulted from the
increased pore pressure that originated from the earthquake
shaking, and the strength and stiffness of the unconsolidated
sediments may have weakened along the seismic faults and their
surrounding regions during the seismic process.

Trench TCT02 was excavated along the major fluvial terraces
of the Songhuajiang River, where the water table is only ~3 m
below the surface. During coseismic liquefaction, the state of
the terrace deposit changes from solid-like to viscous, liquid-like
material. Therefore, as shown in Figure 7, the gray-black deposits
vented to the ground surface through unit 2 but covered by unit
1 provide the most conspicuous evidence of liquefaction at depth.
In addition, a water-sand-small gravel-silt mixture erupted and
flowed violently to the surface through fractures opened in the
capping material in the liquefaction caused by fault F1 and then
covered by unit 1. At the same time, the sediment remaining in the
vents through the cap formed a linear clastic dike, which is marked
in Figure 7. These gravels are aligned along the main fault plane.
Thus, we suggest that nearly active fault earthquakes augmented
the coseismic liquefaction intensity in the graben and that the
underlying mechanism could be shaking amplification resulting
from a specific fault zone. In other words, an unenclosed fault plane
may provide a pathway with increased vertical permeability for
fluids to migrate from deeper confined aquifers to the upper soil and
then induce liquefaction during an earthquake (Figure 7) (Liu et al.,
2017).

Other secondary evidence, such as lateral spreading and soft-
sediment deformation, could also be observed in our research.
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Lateral spreading with a width of ~30 cm in the upper layer but
narrowing to ~10 cm downward into liquefied sand strata was
revealed in trench TCT02 (Figure 7). Soft-sediment deformation
such as liquefied folds and recumbent folds also formed on the
left side of the trenches. Although the precise date of formation of
this soft-sediment deformation could not be constrained directly in
our research, they should have originated from paleoearthquakes
that occurred along the YYFZ in the Tangyuan graben in the late
Quaternary.

In summary, all this primary and secondary morphological
or sedimentologic evidence suggests that the Tangyuan segment
of the YYFZ underwent strong tectonic deformation in the late
Quaternary.

5.2 Estimated magnitude of
paleoearthquakes on the Tangyuan
segment of the YYFZ

In our research, two empirical methods were adopted for
the estimation of the size of the latest fault along the Tangyuan
graben of the YYFZ in the Late Holocene. One was based on the
empirical statistical relation between the magnitude of a historical
earthquake and the surface rupture length, and the other was
calculated primarily based on a semiquantitative comparison of the
earthquake intensity with the results of historical earthquakes of
known magnitudes.

Although much evidence is used to estimate the magnitudes
of paleoearthquakes, the coseismic surface rupture length and
the maximum displacement on fault traces are by far the most
commonly accepted parameters (Wells and Coppersmith, 1994;
McCalpin, 1996; Yeats, Sieh and Allen, 1997). Observations and
measurements of coseismic rupture length and slip distance during
historical earthquakes with known magnitudes have further proved
that this method is reliable and acceptable (Deng, Yu and Ye, 1992;
McCalpin, 1996, 2009; P. Z. Zhang, 2013; Wesnousky et al., 2006).
Many scientists have studied the empirical relationships between the
magnitude of an earthquake (M), the length of the surface rupture
(L), and displacement (D) (Tocher, 1958; Deng et al., 1992; Wells and
Coppersmith, 1994; McCalpin, 1996; 2009; Yeats et al., 1997). In this
study, this fitted function is adopted and defined as follows:

M =5.90+IgL+1g D (Eq. 1; Deng et al., 1992).

M represents the magnitude of the earthquake;

L represents the length of the surface rupture in kilometers;

D represents the displacement in meters.

In Equation 1, the length of the surface rupture and the
maximum vertical displacement are confirmed via trench analysis.
Thus, the magnitude of the latest event that occurred along the
Tangyuan graben of the YYFZ can be estimated as ~M 7.0 based
on Equation 1.

In addition, another commonly used method is the association
between the severity of shaking, as measured by the modified
Mercalli intensity (MMI) scale, and the lower limiting value
for liquefaction effects and soft-sediment deformation, such as
pseudonodules and recumbent folds (McCalpin, 2009; pubs.usgs.
gov). In terms of the MMI (Wood and Neumann, 1931), soft-
sediment deformation features such as folds, pseudonodules,
contorted laminations, and recumbent folds often occur at MMI
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values of VII (Keefer, 1984; 1999; 2002; pubs.usgs.gov), where
highly susceptible sediments such as silty sand and fine sand are
present. Furthermore, if liquefaction-induced ground failure occurs
at the surface, the MMI may reach values of VIII-IX. Among our
field observations in the trenches, coseismic deformation features
such as liquid folds, contorted laminations, and recumbent folds
suggest that the MMI value of the latest movement along the YYFZ
in the Tangyuan graben was at least V and VI, while faulting
and earthquake-induced liquefaction and associated deformation
evidence such as aligned gravels along the main fault plane, sediment
ejection, filling wedges, and lateral spreads imply that the MMI
value of the last near-fault earthquake should not have been less
than VIII and IX. In turn, we suggest that the size of the most
recent paleoearthquake should not have been less than ~M 7.0 based
on the empirical relationship between the MMI values investigated
at the earthquake spot and the historical earthquakes (of known
magnitudes).

In summary, both the magnitude estimated from the length of
the surface rupture and the maximum vertical displacement directly
measured in the field and the size inferred from the MMI value of
the last near-fault earthquake deduced from deformation evidence
such as faulting and earthquake-induced liquefaction suggest that
the magnitude of the latest event occurring along the Tangyuan
section of the YYFZ in the late Quaternary can be estimated as ~
M 7.0, which indicates that the fault should be viewed as a strong
seismogenic structure (M>7).

5.3 Kinematics and fault behavior of the
YYFZ in the late Quaternary

Earlier studies have been carried out on the kinematic properties
of the YYFZ (Min et al., 2013; Yu, 2016; Yu et al., 2016; Zhai et al,,
2016; Guetal., 2017; Shuetal, 2020), but there have been few
studies on its slip rate since the late Quaternary. Although the
minimum long-term slip rate of the structure was estimated to
be ~0.2-0.3 mm/a based on the offset of the small gully, it was
still doubted that these data may have been too few and with
great uncertainty as the authors noted in their paper (Shu et al,
2020). Three uncertainties need to be reconsidered. First, modern
mechanized farming in NE China would have severely disrupted and
reduced the height of surface scarps and the horizontal offsets in the
Late Holocene, leading to large uncertainties in the estimation of slip
rate results. For example, many field investigations have found no
or only relatively few scarp ridges on the surface, but the stratum
dislocation revealed by the excavated trench profile is greater than
the height of the surface scarp ridges (Yu et al., 2018). This special
phenomenon indicates that human cultivation and industrialization
in NE China has had a strong influence on the height of surface
scarps, and the influence of external forces on displacements should
be deeply considered in actual slip rate estimations. Moreover,
the estimated long-term slip rate of ~0.2-0.3 mm/a was mainly
acquired by the assumption that a coseismic displacement of ~2.8 m
and a recurrence interval of ~10-20 ka are the characteristic
coseismic displacement and recurrence intervals for earthquakes in
the YYFZ (Shu et al., 2020). However, more studies are needed to
verify whether the tectonic deformation of the YYFZ since the late
Quaternary conforms to the characteristic slip model.
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The faults in SCRs exhibit different spatial and temporal
patterns and tectonic deformation characteristics than those at plate
boundaries (Calais, et al,, 2016). Our studies in the past 10 years
did not reveal the features of characteristic slip in other sections,
such as the Shangzhi segment and Shulan segment, along the YYFZ.
Instead, the fault slip behavior is more similar to a cluster slip, with
long periods of relative calmness and multiple slips occurring over
short periods of time (Yu etal., 2018). In this case, there may be
some uncertainty in the slip rate obtained using the characteristic
recurrence interval and the characteristic displacement. Last but not
least, the estimated rate of 0.2—-0.3 mm/a is far below the noise level
of GPS observations, which makes it unrealistic to apply these low
rates of ground motion and sparse data effectively (Chen., 2021).

In this study, the right-slip rate of the Tangyuan segment of
the YYFZ since the late Quaternary is constrained to 1-2 mm/a
according to the upper terrace model, and we suggest that this slip
rate value represents the maximum estimate. First, the Songhua
River, as one of the largest rivers in NE China, exhibits ~2.1 km
dextral deflection (Shu et al., 2020), and relevant research shows
that the oldest river terrace of the Songhua River was formed at
~1Ma (Yu, 2015). In this case, the average right-lateral strike-
slip rate along the YYFZ can be estimated to be ~2 mm/a. This
estimate is very close to the previously estimated value of ~2.3 mm/a
along the TLFZ (National Seismological Bureau Institute, 1987).
Based on the selected historical earthquake data and the seismic
moment obtained by an empirical formula, the average slip rate
of the TLFZ is calculated to be 2.65 mm/a, which is consistent
with GPS observation data (Wang et al., 2009; Zheng et al., 2017;
Zhang et al., 2018; Wang and Shen, 2020). The right-lateral strike-
slip rates of different sections along the TLFZ have been studied
using various methods, and the results are mostly concentrated at
~1-2 mm/a (Huang et al., 1993; Song et al., 2005; Jiao et al., 2016).
These estimates are in good agreement with our estimate of
~1-2mm/a.

It is also worth noting that these results are relatively
concentrated, although the study sites are distributed in different
sections along the TLFZ, and the study methods are different. This
phenomenon seems to reveal that the strike-slip rate of the TLFZ has
been consistent along the strike since the late Quaternary. However,
this topic needs to be further studied in future work. Finally, the
minimum long-term slip rate of the structure is estimated to be
~0.2-0.3 mm/a based on the offset of the small gully on the Tonghe
segment of the YYFZ (Shu et al., 2020). We also conducted a field
investigation of the Tonghe section of the YYFZ and believe that
the strike-slip rate obtained by the displacement and abandonment
age constraints of this gully can represent the minimum value of
the YYFZ. Thus, it is suggested that the right-slip rate of the YYFZ
ranges between ~0.2-0.3 mm/a (the minimum) and 1-2 mm/a (the
maximum). This estimation of the slip rate is also in accordance with
the recurrence interval of ~10-20 ka between strong earthquakes,
which was suggested by previous studies (Min et al., 2013; Yu, 2016;
Guetal, 2017; Shuetal., 2020). This estimation of the slip rate
is similar to that found in most counterparts of SCRs worldwide
(Calais, et al., 2016).

Additionally, the geodynamic environment in NE China also
supports the above inference. The Pacific Plate subducts westward
along the Kuril Island-Japan arc-Mariana Islands line under
the Eurasian Plate, and the rate of westward subduction has
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slowed dramatically from approximately 13 cm/a at 80 Ma to only
approximately 4 cm/a at approximately 50 Ma (Northrup etal.,
1995) and at the lowest stage at ~50-30 Ma, and it has subsequently
decreased further or stopped. However, over the past 10 million
years, movement along the subduction zone of the Western Pacific
Plate has begun to accelerate (Zhangetal., 2014). Additionally,
the subduction direction of the western Pacific Plate beneath the
Eurasian Plate has gradually adjusted from nearly S-N in the early
Cenozoic to nearly E-W in the present (Ren et al., 2002; Yu et al.,
2015b; Liu et al., 2021; 2023). In this case, the NE-trending faults on
the NE China Plain, such as the YYFZ and the DMFZ, are mainly
characterized by right-lateral strike-slip kinematics.

5.4 Implications for the earthquake hazard
assessment and mitigation in SCRs

The study of active tectonics and seismogenic structures is
useful for earthquake hazard prevention and risk mitigation, and
seismic fortification standards can always be reformulated based
on newly acquired quantitative data from active seismogenic faults.
An increasing number of earthquakes have supported this view.
For example, we were not aware of the great danger of the
Longmenshan Fault Zone because of its low slip rate, and the
maximum historical Ms 6.5 earthquake record until the Ms 8.0
earthquake struck Wenchuan County in 2008 (Zhang, 2013). In
2011, the Mw 9.0 Miyagi Fukushima earthquake in Japan directly
resulted in a giant tsunami with a magnitude greater than the
greatest magnitude recorded during the past 2,000 years, which
far exceeded the seismic fortification design standards of the
Fukushima nuclear power plants that were constructed before the
great earthquake (Min et al.,, 2013). These unexpected earthquakes
have caused enormous casualties and economic losses. However,
the total seismic losses largely decreased in recent earthquake cases
in China, such as the 2013 M 7.0 Lushan earthquake in Sichuan
Province, the 2014 M 6.5 Ludian earthquake in Yunnan Province,
and the 2017 M 7.0 Jiuzhaigou earthquake in Sichuan Province.
Investigations after earthquakes show that the key reason for this
decrease is that the quake-proof standard in these regions has
been scientifically improved after the reassessment of the potential
earthquake risk associated with major seismotectonic activities.
These important lessons learned from previous earthquakes should
be considered in the future.

The YYFZ is one of the largest structures in NE China, where
the highly populated (~0.13 billion) area of China has several
large heavy industry bases, agricultural centers, and academic and
governmental scientific groups living directly upon it. For the
Tangyuan graben of the YYFZ, there are more than 1,000,000 people
living there, and the value of the maximum earthquake resistance
intensity is stipulated as VI based on previous consideration.
Although history records no major earthquakes (M>5) along the
Tangyuan section of the YYFZ, our research clearly shows that this
segment experienced at least one strong paleoearthquake in the Late
Holocene with an estimated magnitude of M 7.0, which indicates
that the Tangyuan segment of the YYFZ has a potential risk for large
earthquakes (M>7). This new discovery suggests that the seismic
fortification standard in the Tangyuan graben urgently needs to be
reformulated accordingly.
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The second interesting feature that needs to be considered is the
spatial migration of the fault slip. This research revealed that a new
active fault trace is situated within the Tangyuan graben interior
(Figures 4-10), which implies that the latest activity migrated into
the graben interior from the previous boundary faults. Similar
features have also been revealed on other segments of the TLFZ
(Mi et al., 2013; Min et al., 2013; Yu et al., 2018; Shu et al., 2020).
The migration or transition of fault activity from boundary faults
to new faults in the basin interior may represent an important
evolutionary step in the formation and development of the structure,
which means that the short new active segments in the basin interior
along different sections may be integrated into a long segment in
the future, ultimately forming a new structure. Thus, the presence
of new faults in the basin interior, in addition to boundary faults,
merits special attention when assessing the influential surface range
and strong earthquake potential.

Furthermore, the “migration in space and clustered in time”
activity observed along the YYFZ has also been observed in many
other SCRs, such as the North China Plain, Western Europe, central
and eastern U.S., and Duren, Germany (Calais et al., 2016), where
only sparse or sporadic strong earthquakes and long intervals of
seismic quiescence have been documented, the strain accumulation
rate has been too low to be recognized, and single or episodic activity
has been revealed by most SCR faults (Calais et al., 2016). Under
these circumstances, earthquake events in time and space in SCRs
are more likely triggered by transient perturbations of stress or
fault strength than by the slow accumulation of tectonic stress on
long-lived active faults (Calais et al., 2016), which completely differ
in spatial and temporal patterns from their counterparts at plate
boundaries, such as the San Andreas fault on the west coast of the
United States.

The YYFZ is located in NE China, where few strong earthquake
events have been recorded, the current strain accumulation rate is
very low, and the strong earthquake recurrence period is as long as
10-20 ka, as shown by paleoseismic data (Mi et al., 2013; Min et al.,
2013; Yu et al., 2018; Shu et al., 2020), which are similar to those of
the remaining segments of the TLFZ (Yang et al., 2006; Cao et al.,
2015; Yang et al., 2017; Shu et al., 2020). All of these features are also
very similar to the tectonic deformation observed in other faults
in other SCRs of the world (Calais et al., 2016). In other words,
NE China may be regarded as a typical SCR. If that is the case,
the seismic hazard in the YYFZ, even the whole TLFZ, cannot be
determined only by the low tectonic loading rate and sporadic and
clustered seismicity, and more future research needs to be carried out
to reconsider its earthquake occurrence mechanisms and the hazard
mitigation measures in NE China.

Markedly different from other SCRs, the special composition of
regional basement material, recent volcanic activity, and modern
artificial modification are three important factors that need to be
considered in the study of active tectonics and seismic geology in
NE China. First, the mechanical properties of the basement in NE
China should be given more consideration. The earthquake activity
recorded along the TLFZ is influenced not only by the fault but also
by the mechanical properties of the basement material. The North
China Craton, composed of rigid basement rocks from the Archean
era, often experiences stress concentrations along basement faults,
leading to frequent large earthquakes (such as the 70 BC M 7 Anqiu
earthquake, 1668 M 8% Tancheng earthquake, 1976 M 8 Tangshan
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earthquake, and several M 7-7.5 earthquakes from 1548 to 1975
offshore in Bohai Bay; Shu et al., 2020). In contrast, the South China
Block is composed of flexible basement rocks that are early to middle
Proterozoic in age, where stress is often released through basement
deformation, resulting in fewer earthquakes (Liu et al., 2021; 2023).
The basement of NE China shares similarities with that of the South
China Block, primarily consisting of flexible basement rocks. A
recent study revealed that NE China consists of two Precambrian
blocks and three accretionary terranes. These include the Xing’an
accretionary terrane (XAT), Songliao accretionary terrane (SAT),
and Zhangguangcai accretionary terrane (ZGCAT), which are
separated from each other by the Xinlin-Xiguitu suture (XXS),
Hegenshan-Heihe suture (HHS), Longfengshan suture (LFS), and
Mudanjiang-Yilan suture (MYS), respectively. The YYFZ is located
at the boundary between the SAT and the ZGCAT and is considered
a complex mosaic terrane association without an integrated
and rigid basement (Liuetal, 2021, 2022). Considering such
characteristics of basement material composition, the frequency and
intensity of earthquakes in NE China may be weaker than those
in the North China Craton area. Second, influenced by the oblique
subduction of the Pacific Plate, more deep-source earthquakes
(with focal depths 2300 km) and more intense Cenozoic volcanic
activity have occurred in NE China (Huang et al.,, 2006). These
tectonic activities may greatly release the accumulated energy. As
a result, strong seismic events that can propagate to the surface
and form significant coseismic surface ruptures may be relatively
rare. Strong volcanic eruptions and deep earthquakes along the
Dunhua-Mishan Fault Zone are typical examples (Figure 1). If this
is the case, it is assumed that the intensity of tectonic movement in
NE China is not weak, but the method of energy release is quite
different from that in other regions. Finally, NE China has a flat
terrain; is influenced by significant erosion from rainfall, ice, and
snow; and is a modern farming center of the country. Large-scale
mechanized farming and modern human activities may destroy
the surface coseismic deformation characteristics once they develop
near the fault zone. In other words, the surface deformed features
are destroyed and difficult to preserve. If this is the case, more
detailed field investigation work will need to be analyzed and verified
by historical remote-sensing images. In summary, the above three
factors are important to consider, especially when we analyze and
evaluate the risk of strong earthquakes in NE China.

6 Conclusion

Based on the integrated data on high-precision satellite
image interpretation, detailed geological and geomorphological
investigations, seismic reflections, and Quaternary chronological
testing, the following results can be presented:

(1) A linear belt of geomorphologic anomalies more than 15 km
long was revealed in the Tangyuan graben interior of the
YYFZ, the northern segment of the TLFZ, and a series of
sag ponds, scarps, and small bulges elongated parallel to the
surface geomorphic belt were described.

(2) Trenches and seismic reflections revealed that the belt

corresponds to a newly developed fault in the graben interior

and that the latest tectonic deformation of the YYFZ migrated
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into the new fault in the graben interior from the previous
boundary faults, and at least one paleoearthquake with an
estimated magnitude of M 7.0 can be verified in the trenches.
The dating of the samples confirmed that this latest rupturing
event might have occurred between 2,800+ 600 a BP and 1,700
+ 200 a BP, which resulted in 0.8 + 0.1 m of maximum vertical
coseismic displacement with normal strike-slip kinematics.
(3) The measured maximum cumulative right-lateral offset of the
T2 terrace of the Heijin River in the Tangyuan graben may
reach 110 + 5 m with an abandonment age of ~55.13 + 1.78
ka (OSL), which suggests that the maximum right-slip rate of
the YYFZ since the late Quaternary is ~1-2 mm/a based on the
upper terrace model.
The Tangyuan segment of the YYFZ is a seismogenic structure
for strong earthquakes (M>7), and new seismic hazard and
fortification standards are urgently needed. The features of
“low tectonic loading rate, activity migration in space, and
clustering in time separated by 10,000 years of seismic
quiescence” observed along the YYFZ in NE China are highly
important for earthquake model construction and tectonic
deformation studies in stable continental regions.
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