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Key points:

* The aftershocks of the M,,5.5 Pingyuan earthquake trends NE with a total length of ~9 km and dipps NW at an angle of
~60°.

* The observed horizontal PGAs and PGVs generally ranges between 200-300 cm/s?> and 10-20 cm/s, resulting a
significant near-field saturation phenomenon within a 20-kilometer range.

* A blind fault between the Guantao fault and the Lingxian-Yangxian fault was responsible for the generation of the
Pingyuan earthquake.

ABSTRACT

The 6 August 2023 M,,5.5 Pingyuan earthquake is the largest earthquake in the central North China Plain (NCP) over the past
two decades. Due to the thick sedimentary cover, no corresponding active faults have been reported yet in the epicenter area.
Thus, this earthquake presents a unique opportunity to delve into the buried active faults beneath the NCP. By integrating strong
ground motion records, high-precision aftershock sequence relocation, and focal mechanism solutions, we gain insights into the
seismotectonics of the Pingyuan earthquake. The aftershocks are clustered at depths ranging from 15 to 20 km and delineate a
NE-SW trend, consistent with the distribution of ground motion records. A NE-SW nodal plane (226°) of the focal mechanism
solutions is also derived from regional waveform inversion, suggesting that the mainshock was dominated by strike-slip motion
with minor normal faulting component. Integrating regional geological data, we propose that an unrecognized fault between the
NE-SW trending Gaotang and Lingxian-Yangxin faults is the seismogenic fault of this event. Based on the S-wave velocity
structure beneath the NCP, this fault probably extends into the lower crust with a high angle. Considering the tectonic regime
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and stress state, we speculate that the interplay of shear strain between the Amurian and South China blocks and the hot
upwelling magma from the subducted paleo Pacific flat slab significantly contributed to the generation of the Pingyuan

earthquake.

Keywords: Pingyuan earthquake; aftershock relocation; focal mechanism; S-wave velocity structure; North China Plain

Citation: Wang SG,Han LB, XieJJ, FanLP, Huang X, BiJM, Yang HF and Fang LH (2024). Seismogenic model of the 2023 My;,5.5 Pingyuan
earthquake in North China Plain and its tectonic implications. Earthq Sci 37(6): 499-513, doi: 10.1016/j.eqs.2024.06.008.

1. Introduction

On August 6th, 2023, an My,5.5 Pingyuan earthquake
occurred in Pingyuan County, Shandong Province, the
central area of the North China Plain (NCP). The catalog
location was at 37.16°N and 116.34°E (Zhang Z et al.,
2024), and had a focal depth of 10 km, as reported by the
China Earthquake Networks Center (CENC, https://news.
ceic.ac.cn/CC20230806023360.html). Due to the presence
of a thick sedimentary cover in the area and consequent
amplification effect, the earthquake caused significant
ground shaking, resulting in 24 injuries and 213 collapsed
houses. This event marked the largest earthquake in the
NCP over the past 20 years (http://www.ceic.ac.cn/history).
According to the intensity map released by China
Earthquake Administration, the highest intensity reached
VII within an approximate area of 22 km? (https://www.
cea.gov.cn/cea/xwzx/fzjzyw/5736905/index.html).

As one of the most densely populated regions in China,
the NCP is also highly susceptible to earthquake activities
and hazards. According to historical and instrumental
records (Liu M et al., 2011; Zhang PZ et al., 2013; Zhang
YG et al.,, 2018; Yin XF et al., 2020), there have been 8
carthquakes with magnitudes larger than M7.0 in the
region. Notably, the 1679 M8.0 Sanhe-Pinggu earthquake
occurred only 40 km east of Beijing (Yu ZY et al., 2019),
leading to 45,500 deaths and countless houses damaged,
including the Forbidden City (Jiang PF, 2022). The most
recent major earthquakes in the area were the 1966 M7.2
Xingtai earthquake and the 1976 M7.8 Tangshan
earthquake, resulting in deaths of over 8,000 and 240,000
people, respectively (Xu J et al., 1996; Guo H et al., 2011;
Guo H and Zhao JX, 2019). Prior to these two events,
limited information was available concerning the
seismicity and active faults in the NCP (Zhang ZL et al.,
1980; Liu M et al., 2011; Yu ZY et al., 2019), due to the
substantial sedimentary thickness (Wang CY et al., 2017;
Huang X et al, 2023). Furthermore, no moderate
earthquakes and active faults in the Holocene have been
identified within 60 km of the 2023 Pingyuan mainshock,
hindering further investigation into the earthquake activity
in the neighboring regions and central NCP. Therefore,

this event presents a valuable opportunity to study the
regional seismotectonics.

Shortly after this event, preliminary analysis of source
parameters and inversion of the rupture process have been
reported quickly (Dai DQ and Xi N, 2023; Zhang YX et
al., 2023). Zhang Z et al. (2024) have also relocated early
aftershocks and determined focal mechanism solution of
the mainshock. Such rapid reports provided valuable
information about the seismic characteristics of the
Pingyuan earthquake. However, the seismogenic fault and
implications are still unclear due to the relatively few
aftershocks and fault structure analysis.

To understand the earthquake fault and mechanism of
the 2023 M5.5 Pingyuan earthquake, we conduct a
relocation of aftershocks from August 6th to 17th, 2023, in
which more aftershocks are detected. Additionally, we
invert the focal mechanism solution of the mainshock
using data from local and regional seismic networks.
Furthermore, we integrate regional S-wave tomographic
images to jointly analyze the detailed geometry of the
seismogenic fault. We then discuss the fault structures in
the source area and the seismotectonic environment in the
central NCP.

2. Tectonic setting

The Pingyuan earthquake occurred in the central NCP
(Figure la), geologically defined as the Eastern North
China Craton (NCC). During the Early Cretaceous
(~135-115 Ma, Zhu RX et al., 2012; Qiu HB et al., 2023),
the NCC underwent significant lithosphere thinning accom-
panied by intensive magmatism (Zhu RX et al., 2012;
Zhang SH et al., 2014), widespread NNE-SSW striking
rifts (Meng QR, 2003) and many metamorphic core
complexes (Wang T et al., 2011; Zhu G et al., 2015). In the
Early Cenozoic (~50-35 Ma), the NCC experienced a
second stage of crustal extension and the heat flow further
destroyed its middle crust (Xu W et al., 2018, 2019). As a
result, the lithosphere of the NCC has been reduced by
about 100 km, leading to its current unstable state (Gao S
et al., 2002; Lin W et al., 2008).

Since the Neocene (~23 Ma), the NCP has primarily
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Figure 1.

Seismotectonic and present structure of the North China Plain (NCP). (a) Tectonic subdivisions and interior

deformation of NCP. (b) Tectonic map of NCP with horizontal GPS velocities (Zheng G et al., 2017), historical earthquakes
of M >5.0 (CENC), and active faults (modified after Zhang YG et al., 2018), location in (a). (c) Geological profiles in NCP
showing the geometrical features of active faults, profile in (b). The geometrical characteristics of faults are based on Li SZ et
al. (2012). NCC: North Chian Craton; TRFF: Taihang range front fault; ZBFZ: Zhangjiakou-Bohai fault zone; XLF: Xingtai-
Langfang fault; JTF: Jixian-Tangshan fault; GTF: Gaotang fault; LYF: Lingxian-Yangxin fault; TLF: Tan-Lu fault.

been influenced by post-rift transtension, resulting in
extensive strata deposition with a cumulative thickness of
around 3—4 km (Huang X et al., 2023; Figure 2). The
Neocene sedimentary layer in the region consists of the
Guantao Formation (Ng) and the Minghuazhen Formation
(NmI-NmV) from bottom to up. These formations are
characterized by conglomerate at the bottom, overlain by
moderately thick sandstone, siltstone, and mudstone layers
(Figure 2). During the Quaternary, the main strata in the
NCP is the Pingyuan Formation, which is predominantly
composed of thin layers of siltstone and mudstone, with a
thickness reaching approximately 1000 m (Figure 2).
Known for strong seismic activities, the NCP is
bounded by various geological features. The Tan-Lu fault
zone (TLFZ) lies to the east, while the Taihang mountain
range is found to the west. To the north, the region is
bounded by the Yanshan belt and the Zhangjiakou-Bohai
fault zone (ZBFZ), while the Luxi Massif borders it to the

south (Figure la and 1b). Within this region, three major
right-lateral strike-slip NNE-trending faults play a
significant role in accommodating present deformation.
These faults are the Xingtai-Langfang fault (XLF), Jixian-
Tangshan fault (JTF), and Liaocheng-Lankao fault (LLF)
(Figure 1b and 1c). North of LLF, the Gaotang fault (GTF)
and Lingxian-Yangxin fault (LYF) are the two main faults
that activated during the Late Pleistocene around the
epicentral area. The GTF is situated in the of Pingyuan
County, with a strike of 30°40° and a dip angle of
60°-80°, spanning ~135 km. Trending NE-ENE with a dip
angel of 60°-70°, the LYF stretches about 120 km in the
northeast of Pingyuan County, and curves in a convex arc
towards southeast in its northern section (Ma SZ, 2007).
Both of GTF and LYF are right-lateral strike slip faults
with normal components (Figure 1b and Ic).
Historical records indicate that 8 devastating
earthquakes with magnitudes of M > 7.0 have been
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Figure 2.
(revised from Yu FS and Koyi, 2016; Wang GZ et al., 2022).

associated with these faults. Among them, six earthquakes
occurred in the last 344 years. After the Sanhe-Pinggu
MS.0 earthquake in 1679, the NCP experienced a relati-
vely quiet period of over 100 years. Only one significant
carthquake, the 1830 M7.5 Cixian earthquake, occurred
during the nineteenth century. However, from 1937 to
1976, the region witnessed a period of intensive seismic
activity, including four major earthquakes: the 1937 Heze
M7.0 earthquake, the 1966 Xingtai M7.2 earthquake, the
1976 Tangshan M7.8 earthquake, and the 1976 Luanxian
M7.1 earthquake.

3. Spatial distribution characteristics
of strong ground motion

We collected 1349 strong motion station records of the
Pingyuan My,5.5 mainshock that were observed by the
National Intensity Rapid Report and Earthquake Early
Warning Network of China. The records with low signal-
to-noise ratios or anomalous waveforms were excluded. A
total of 965 three-component acceleration records were
selected for this study. We applied baseline correction and
causal-bandpass Butterworth filtering (0.1-100 Hz) to
these records. Subsequently, we integrated the records to
obtain the velocity and displacement time histories.

Strata sequences of the NCP showing the ~4 km thickness of Neogene-Quaternary sedimentary in central NCP

Figure 3 shows the spatial distribution of observed
horizontal ground motion intensity measures (IMs) in the
near-field, including peak ground acceleration (PGA),
peak ground velocity (PGV) and spectral accelerations
(SAs) at different periods. The horizontal IMs are
calculated as the geometric mean of the East-West and
North-South components. Despite the relatively small
magnitude of the Pingyuan -earthquake, the spatial
distribution of near-field ground motion exhibits distinct
features of rupture directivity effect (Figure 3a—d). In the
rupture forward region, northeast of the epicenter, large
IMs values (shown as red to green triangles) is observed in
a much wider spatial region. With similar epicentral
distance, the observed IMs in the northeast of the epicenter
are higher and attenuate slowly relative to the southwest of
the epicenter, particularly in terms of PGV and long-period
SAs at 1.0 and 3.0 s. We attribute such a pattern to the
source rupture directivity and strike-slip faulting mecha-
nism and strike-slip faulting mechanism. Meanwhile, we
found that, compared with Kumamoto My,7.0 earthquake
(Xie JJ et al., 2017) with the strike-slip faulting mechanism
at periods above 5.0 s, the directivity effects in the
Pingyuan earthquake are relatively minor, likely due to the
earthquake’s relatively small magnitude. Consequently, the
directivity effect primarily influences PGV and long-
period SAs of 1.0 s to 3.0 s (Figure 3c, d). During low-



Earthquake Science 37 (2024)

Wang SG et al. 503

39°N

38°

37°

36°

39°N

38°

37°

36°

Al 4 A A
‘Aﬁ‘i‘A:A‘AA
0 A
inanea , 4 444
- A A
ik AL

116° 117° 118°

1 2 5

Figure 3.
Pingyuan My;5.5 mainshock.

magnitude earthquakes, the rupture directivity effects on
ground motion are generally weak and hard to observe
(Xie JJ et al., 2023). The ability of capturing clear
directivity effects during this My,5.5 earthquake benefited
from the dense ground motion observatories in the area.
We investigated the attenuation of horizontal PGA,
PGV, and SAs with epicentral distance during the M,,5.5
mainshock. The observed IMs were also compared with
the predictions from the ground motion models of shallow
crustal earthquakes (Figure 4). Our results reveal a
significant near-field saturation phenomenon within 30 km,
with observed horizontal PGAs and PGVs generally

Aa
Lagima td
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s A“;‘Q AA A‘\‘A‘\ﬂ\
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115°E 116° 117° 118°

SAs (cm/s?)
10 25 80 250 500

Spatial distribution of observed horizontal PGA (a), PGV (b) and the PSAs at different periods (c—d) during the

ranging between 200-300 cm/s2 and 10-20 cm/s,
respectively, larger than model predictions (Figure 4).
Such near-field deviation from empirical models was also
found in numerical simulations considering dynamic
rupture process (Yao SL and Yang HF, 2023). The
attenuation of PGA, PGV and SAs with distance generally
indicates a three-stage decay pattern. Between 50 and 100 km
from the epicenter, observed ground motion peaks and SAs
demonstrate a scattered and slowly decaying trend, which
may be caused by the amplification effects of the regional

thick Quaternary sediments.
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comparison with predictions from the ground motion models of CY14 (Chiou and Youngs, 2014), CB14 (Campbell and
Bozorgnia, 2014), BSSA14 (Boore et al., 2014) and ASK14 (Abrahamson et al., 2014) .

4. Analysis of earthquake sequence

4.1. Relocation of aftershocks and earthquake
sequence parameters

Between the mainshock occurrence and 4:00 am on
August 17th, 2023 (Beijing time), a total of 299 events
were processed by the Real-time Intelligent Seismic
Processing System (RISP), as detailed by Liao SR et al.
(2021). RISP detected earthquakes and picked phase
arrivals with PhaseNet (Zhu WQ and Beroza, 2019). The
earthquake bulletins contain 3,499 P-wave arrivals and
4,610 S-wave arrivals. This catalog, in contrast to
conventional ones, encompasses a greater number of small
magnitude earthquakes and weak signals, thereby enabling

a more intricate depiction of the fault geometry. After
screening by location residuals, detection probabilities, and
number of phase arrivals, a subset of 260 events, with
1,972 P-wave arrivals, and 1,171 S-wave arrivals were
selected for relocation using the double-difference
relocation method (Waldhauser and Ellsworth, 2000),
which has been widely applied in the earthquake sequence
in China (Fang LH et al., 2015; Fan LP et al., 2022; Zhao
Cetal., 2022; Zhang L et al., 2023).

The relocation of the aftershock sequence drew upon
data from 74 seismic stations, resulting in robust azimuthal
coverage (Figure 5a). To enhance precision, we adapted
the velocity model based on deep seismic sounding (Duan
YH et al., 2016). The average location uncertainties in the
east-west, north-south, and vertical directions were 0.38 km,
0.33 km, and 0.51 km, respectively. Additionally, the
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average residual time was 0.017 seconds, providing clarity
in delineating the seismogenic fault morphology. The
relocated 165 events exhibit a trend of N40°E and span a
total length of approximately 9 km. These events are
concentrated within the 15 km to 20 km range (Figure 5b
and 5c). Notably, the aftershocks predominantly cluster to
the northeast of the epicenter and occur at shallower depths
than the mainshock. The fault-normal profile reveals that
the seismogenic fault dips northwest at an approximate

angle of 63° (Figure 5d).

To better reflect the changing characteristics of
sequence parameters, we utilized the Omi-R-J model (Omi
et al, 2013) that fully considers small earthquake
information to perform continuous and sliding parameter
fitting on the My,5.5 Pingyuan earthquake sequence. The
Omi-R-J model is a combination of the traditional R-J
model (Reasenberg and Jones, 1989) and the OK1993
model (Ogata and Katsura, 1993) of magnitude-frequency
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relation in the form of continuous function. Omi et al.
(2013) used the expression of the detection rate function
provided by Ogata and Katsura (1993) to describe
detection degrees of the incomplete parts of seismic
records. The sequence parameters can be calculated using
the maximum likelihood method.

The function of aftershock intensity of magnitude M at
time ¢ in the earthquake sequence can be written as

A, M) = 1074, (1

(t+0o)
where k is a normalized positive constant, which
determines the expected number of aftershocks triggered
by M events. p represents the attenuation degree of the
sequence, with its value positively correlated with the
speed of attenuation. ¢ represents a small constant. b
represents the stress accumulation level, which is one of
the important parameters in probabilistic seismic hazard
analysis (Wiemer and Katsumata, 1999).

The earthquake events detected by RISP are 2.5 times
that of manually processed earthquakes. The aftershocks
are mostly distributed below M;3.0, especially in
M;1.0-1.9, and the magnitude of completeness was
reduced from M; 2.4 to M, 2.0 in the early post-earthquake
stage. The events detected by RISP in the early stage after
the earthquake are obviously more than those detected by
conventional catalogue, and the difference between them
gradually decreases as the sequence continued. In the
model, the starting time was set at 0.10 days after the
mainshock and incrementally stepped by 0.10 days until
reaching 12.00 days of the sequence. Subsequently, sliding
fitting was performed for 120 time periods.

In the early stages of the earthquake sequence, the p
value showed a certain range of variation, gradually
increasing from 1.18 to 1.37, and then decreasing to
around 1.19 based on conventional catalogue (Figure 6a).
While the parameter p value calculated from the catalogue
detected by the RISP changes between 1.15 and 1.29, and
finally tends to 1.22 (Figure 6b). This p value was higher
than the average value (0.98) and the median value (1.02)
calculated for the earthquake sequence with M>6.0 in the
Chinese mainland (Bi JM et al., 2022), indicating rapid
decay of this earthquake sequence. The parameter b remai-
ned relatively constant at approximately 0.90 (Figure 6¢
and d), which was higher than the average value (0.85) and
the median value (0.83) observed for earthquakes with
magnitudes above 6.0 in the Chinese mainland (Bi JM et
al., 2022), suggesting significant stress in the focal area
and a relatively low differential stress level.

By comparing the calculation results of the two types
of catalogues, it is shown that the sequence parameters b

1.6
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1.0
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121 ®
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=

0.8
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2 4 6 8 10 12
Time from the mainshock (day)
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Figure 6. Parameters of Omi-R-J model against the duration
time (since the mainshock occurred) in fitting the My,5.5
Pingyuan earthquake sequence based on conventional and
RISP catalogue. (a) represents p value change based on
conventional and RISP catalogue, (b) represents b value
change based on conventional and RISP catalogue respectively.
The shaded area shows the range of the standard deviations of

the parameters shown in each subgraph.

and p in the stable period are similar, but because RISP
detects more small events in initial stage, the sequence
attenuation is relatively slow, and the amplitude change of
p value is smaller than the conventional catalogue. Due to
the lack of small earthquakes in the early aftershock
window, the b value is relatively low in the conventional
In the catalog created by RISP,
earthquake events below M, 2.0 are supplemented, so that
the sequence parameters can more objectively reflect the
development characteristics of the parameter sequence.
Compared with the conventional catalogue, the aftershock
sequence by the RISP has higher monitoring ability, which
can quickly obtain stable sequence parameters after the

catalogue. small

mainshock, and play a greater role in post-earthquake
emergency and disaster assessment.

4.2. Focal mechanism solution

The mainshock was well recorded by regional seismic
stations from China National Seismic Network (Zheng XF
et al., 2010). To determine the double-couple solution of
the mainshock, we employed the “Cut-and-Paste (CAP)”
algorithm (Zhao LS and Helmberger, 1994; Zhu LP and
Helmberger, 1996) assuming a spatial point source. In the
broadband
waveforms of regional seismograms from 16 stations

waveform inversion, we analyzed the
within 220 km of the epicenter. The Pnl and surface wave
segments were band-pass filtered at 0.02-0.15 Hz and
0.02—0.10 Hz, respectively. For the computation of Green’s

functions, we employed frequency-wavenumber (F-K)
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technique (Zhu LP and Rivera, 2002) based on the 1-D
velocity model derived from the deep seismic sounding
result (Duan YH et al., 2016).

The focal mechanism solutions are calculated over a
range of depths to identify the depth with the minimum
misfit between the observed and synthetic waveforms. As
displayed in Figure 7, the best waveform match is
achieved at the depth of 20 km with an estimated
magnitude My,5.5, which is consistent with the Global
CMT results (M,,5.6). The relatively high cross-corre-
lation coefficients between the synthetics and observed
data suggest that the source parameters are well resolved.
Showing oblique-normal faulting, the focal mechanism
implies that the strike, dip, and rake are 226°/65°/—166°,
respectively, with an auxiliary nodal plane solution of
130°/77°/=26°. Our focal mechanism solution and centroid
depth are also consistent with those published by the
CENC (https://news.ceic.ac.cn), Global CMT Project (ww
w.globalemt.org/CMTsearch.html) and Zhang Z et al
(2024) (Table 1).

5. Discussion

5.1. Seismogenic fault

The long axes of spatial distribution of both PGA and
PGV strike along the northeast direction (Figure 3).
Furthermore, locations of the earthquake sequence distri-
bution suggest that the aftershocks primarily trend along
NE above the mainshock, with a high angle (~63°) dipping
to NW (Figure 5). In addition, the focal mechanism
solution indicates that the Pingyuan M,5.5 earthquake is a
strike-slip event with a normal component. Consistent with
the distribution of PGA, PGV, and aftershocks, the nodal
plane strikes along 226° and dips to NW at an angle of
about 65° (Figure 7). Integrating with the regional struc-
tures, the GTF and LTF are the only two faults that
activated in Pleistocene near the epicenter (Figure 1b) with
a similar NE trending and 60°-80° dip angle (Jia HY and
Liu XL 2019; Ma SZ, 2007), showing a strong connection
with this event. However, there is no surface rupture or
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Table 1. Pingyuan My,5.5 earthquake focal mechanism solutions.
Nodal plane I Nodal Plane IT
Agency/Author Depth (km) My
Strike (°)/Dip (°)/Rake (°) Strike (°)/Dip (°)/Rake (°)
CENC 123/62/-24 225/69/-150 11.0 5.5
USGS 37/70/-171 304/81/-21 11.5 5.4
GCMT 125/69/-17 221/74/-158 18.0 5.6
GFZ 127/87/-13 217/76/-177 15.0 5.5
Zhang Z et al. (2024) 126/70/-16 222/75/-160 16.0 5.5
This study 130/77/-26 226/65/-166 20.0 5.5

Note: CENC: China Earthquake Networks Center (https://news.ceic.ac.cn); USGS: United States Geological Survey (https://www.usgs.gov);
GCMT: the Global Centroid Moment Tensor project (https://www.globalemt.org); GFZ: the GFZ German Research Centre for Geosciences

(https://geofon.gfz-potsdam.de).

previously activated faults in the Quaternary between the
GTF and LTF faults where the epicenter is located.
Therefore, it is reasonable to infer that a blind fault
connecting the GTF and LTF faults at depth is responsible
for the My,5.5 Paingyuan earthquake, considering the
majority of aftershocks occurring at depths of 15-20 km.
Notably, the GTF and LTF faults were previously regarded
as inactive faults in the Holocene (Liu TT and Hua Al,
2007). Therefore, this seismic activity highlights the
potential of high seismic hazards along the GTF and LTF
in the future.

5.2. S-velocity structure beneath NCP

The S-wave velocity (vg) model used in this study is
derived from Huang X et al. (2023), which is obtained
using joint inversion of Rayleigh wave phase velocity and
ellipticity. These two datasets are derived from ambient
noise cross-correlation and teleseismic earthquake
waveforms recorded by ChinArray-III. There were more
than 600 portable broadband stations (two stages)
deployed in North China from 2016 to 2020 with an
average station spacing of ~35 km. Rayleigh wave phase
velocity and ellipticity are jointly inverted for 1D vg
models using a Bayesian Markov chain Monte Carlo
(MCMC) method. The 1D models are parameterized with
three layers, consisting of a sedimentary, a crystal crustal,
and an upper mantle layer. Specific details can be referred
to Huang et al. (Huang X et al., 2021; 2023). As the crustal
thickness is one of the independent parameters, the
distribution of crustal thickness can be obtained after
inversion.

We present a horizontal slice at 20 km depth and a
vertical profile crossing the seismic source zone of the 3D
vg model (Figure 8). The horizontal slice of the vy model
reveals that the mainshock is located at the junction of
high and low-velocity anomaly (Figure 8a). Moreover, the

vertical profile of the vy model indicates that the crustal
thickness at the location of the mainshock is ~33 km
(Figure 8b, white dashed line), significantly thinner than
the surrounding areas. This observation suggests a local
uplift of the Moho beneath the mainshock zone, potentially
linked to the occurrence of the Pingyuan earthquake
sequence. Huang X et al. (2023) primarily attribute the
crustal modification and thinning in this area to the
thermal-chemical erosion caused by magma upwelling.
Therefore, it suggests that the seismic activity in this area
may be related by the upwelling of magma from the upper
mantle.

5.3. Tectonic implication and seismic hazard

During Late Mesozoic, the NCC underwent significant
tectonic deformation and magmatism in large scale,
resulting in the reduction in stability (Zhu RX et al., 2011,
2012; Zhang SH et al., 2014). In the Cenozoic, the NCC
lithosphere was destroyed at depths of ~45-55 km, leading
to the formation of extensive basins (Li SZ et al., 2012;
Wang GZ et al., 2022), as well as the tectonic background
for seismicity in the NCP. Strong earthquakes have
occurred in the NCP over the past century. Focal
mechanism solutions suggest that these seismogenic faults
primarily exhibit strike-slip movement, occasionally with a
small number of reverse or normal components (Wu MJ et
al., 2011; Zhang YG et al., 2018). The maximum principal
compressive stress axis trends NE-NEE, while the
minimum stress axis aligns NW-NNW (Wu MJ et al.,
2011). Based on contemporary deformation data from the
Global Positioning System (GPS), Zhang YG et al. (2018)
proposed that the NNE-NE trending strike-slip active
faults developed to accommodate the left-lateral defor-
mation between the Amurian and South China blocks.

P-wave velocity vertical profiles indicate the presence
of a high-velocity zone in the lower crust along deep-
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S-wave velocity (vg) model in the NCP (modified after from Huang X et al., 2023). (a) S-wave velocity slices at

the depth of 20 km, in which the mainshock occurred. (b) Vertical profile of the vg model across the active faults in NCP with
the mainshock and aftershocks of the 2023 M,,5.5 Pingyuan Earthquake. The white dashed line represents the crustal
thickness. SR: Shanxi rift; TRFF: Taihang range front fault; XLF: Xingtai-Langfang fault; JTF: Jixian-Tangshan fault; GTF:

Gaotang fault; LYF: Lingxian-Yangxin fault; TLF: Tan-Lu fault.

seated faults beneath the NCP, such as the ZBFZ and TLF
(Hao TY et al., 2013). This high-velocity zone, possibly
related to diapirism magma, is considered to originate from
the dehydration and melting of subducted ancient Pacific
plate slabs (Figure 9, Wang GZ et al., 2022). Our S-wave
velocity vertical profiles (Figure 8b) also reveal a similar
structure, with a shallower depth of the Moho beneath the
NCP, possibly contributed by the uprising of hot material
(Figure 9). These deep thermal activities are considered
significant in generating strong earthquakes within the
NCP (Deng QD et al., 2003). In areas with crustal non-
homogeneities, stress-strain energy tends to concentrate
from softer magma to harder inclusions. Consequently,
changes in stress concentration are more likely to occur in
the contact areas between deep faults and softer materials,
eventually leading to fault instability and occurrence of
earthquake (Xiao LX et al., 1999). By analyzing the
geometry of seismogenic faults and deep structures, the
underneath hot material is believed to have played a
significant role in the occurrence of the 1966 M7.2 Xingtai
earthquake and 1976 M7.6 Tangshan earthquake (Wang
CY et al,, 1997; Xiao LX et al., 1999; Li ZW et al., 2018;
Li HL et al., 2022; Zhang GW et al., 2022; Cai JT et al.,
2023). Therefore, combining with the tectonic deformation
and deep structure, we propose that the Pingyuan
earthquake is likely resulted by the combined effects of
shear deformation between the Amurian and South China
blocks and the uplift of deep hot materials.

Despite the historical damaging earthquakes in the

NCP, no earthquakes larger than /6.0 have been recorded
since 1976 (CENC, http://www.ceic.ac.cn/history). Within
the last two decades, only three earthquakes with
magnitude larger than 5.0 have occurred, namely the 2006
Wen'an Mg5.1 earthquake, the 2020 Tangshan Mg5.1
earthquake, and the 2023 M,5.5 Pingyuan earthquake
(http://www.ceic.ac.cn/history). The presence of thick
sedimentary layers, estimated to be around 4-6 km in
depth (Huang X et al, 2023), poses challenges in
identifying the seismogenic fault within the NCP.
Consequently, it is imperative to conduct further
investigations and quantitative research on active faults to
enhance our understanding of the seismotectonic
characteristics beneath the NCP. Additionally, it is also
vital to investigate the local stress characteristics of large
strike-slip faults and explore the coupling relationship
between deep and shallow deformation processes.

6. Conclusions

In this study, we analyzed strong ground motion
records, aftershock sequence relocation, focal mechanism
of the mainshock and geological data to understand the
seismotectonics of the Pingyuan earthquake. We have
reached the following conclusions:

(1) The aftershocks of the My,5.5 Pingyuan earthquake
trends NE with a total length of ~9 km and dipps NW at an
angle of ~63°, revealing the seismogenic fault plane
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Tangshan fault; GTF-LYF: Gaotang fault and Lingxian-Yangxin fault; TLF: Tan-Lu fault.

(226°/65°/-166°), which was resolved from focal
mechanism solutions.

(2) The observed horizontal PGAs and PGVs generally
ranges between 200-300 cm/s2 and 10-20 cm/s, resulting a
significant near-field saturation phenomenon within a
30 km.

(3) Combining with the earthquake
distribution of strong ground motion, as well as the velo-
city structure, we suggest that a blind fault between the Guan-

tao fault and the Lingxian-Yangxian fault was responsible

sequence,

for the generation of the Pingyuan earthquake, which was
probably resulted by the combined effects of shear strain
between the Amurian and South China blocks and the
uplift of deep hot materials.

(4) Further investigation and detection of deep active
faults, as well as detailed interpretation of deep structures
beneath the NCP are crucial to enhance our understanding
of seismic hazards in the deep sedimentary convering
regions.
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