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This study provides a comprehensive analysis of seismic activity and structural characteristics

in Shandong Province, China, with a focus on identifying seismic belts and potential epicentral
zones critical for regional seismic safety. A detailed database was developed, integrating regional
seismicity statistics, earthquake distribution patterns, significant geotectonic movements, and
recent neotectonic activities. The results reveal that seismic activity in Shandong is heterogeneously
distributed, with moderate to strong earthquakes predominantly associated with active fault zones
and exhibiting zonal clustering. Earthquakes are generally shallow, occurring within the middle to
upper crust, with historical destructive events averaging a focal depth of 19 km, while recent minor
seismic events average 14.9 km in depth. These activities span North China Plain and Tan-Lu Seismic
Statistical Areas. Projections indicate sustained or heightened seismic activity over the next century,
with the potential for earthquakes up to magnitude 5. The geological framework is dominated by
Luxi Fault Block and Tan-Lu Fault Zone, characterized by episodic uplift and subsidence driven by
neotectonic movements. The prevailing horizontal tectonic stress regime supports the likelihood of
strike-slip faulting as the predominant mechanism.
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Earthquake disasters pose a significant threat to many regions worldwide, necessitating comprehensive
investigations into seismicity and tectonic structures to mitigate potential risks. Shandong Region (between 116°
to 123° east longitude and 34° to 38° north latitude, Fig. 1), located in the southern part of the North China Plain,
is affected by the combined influences of the Eurasian, Philippine Sea, and Pacific tectonic plates, rendering
it prone to major earthquakes and associated hazards. A prominent seismogenic feature in this region is the
Tancheng-Lujiang Fault Zone, traversing the eastern part of Shandong and ranking among the most active fault
belts in Eastern China. Historical seismic events, such as the Tancheng earthquake on July 25, 1668 (M =8.5,
M_ refers to the surface-wave magnitude), one of the most significant recorded earthquakes in Chinese history,
Caoxian earthquake on August 10, 1937 (M_=7.0), and the Tangshan earthquake aftershock on July 28, 1976
(M =7.5), underscore the potential for devastating seismic disasters in this area!™3,

Earthquake hazard assessment is essential for developing effective risk-mitigation strategies, guiding land-
use planning, and formulating earthquake-resistant design criteria. To support such assessments, earthquake
catalogs typically include essential parameters such as epicenter location, focal depth, and magnitude®-6. Although
numerical simulation, historical surveys, 1 g and hypergravity physics, and advanced machine learning methods
can be employed to evaluate the geotechnical properties and the seismic disaster risk of relevant facilities,
understanding the spatial and temporal characteristics of seismicity is particularly vital for delineating seismic
zones, forecasting future earthquake trends, and informing targeted mitigation effort’~!2. Despite variations in
catalog completeness and magnitude scales, documenting both historically destructive earthquakes (M=4.7)
and modern regional earthquakes in Shandong (spanning 1484-2023 within 34.7°-38.5°N, 115.0°-119.5°E)
provides a more robust perspective on the region’s long-term seismic behavior.

In addition to seismic catalogs, detailed investigations of tectonic structures-including major faults,
neotectonic activity, and earthquake focal mechanism solutions-are critical for characterizing the seismogenic
environment'3. Herein, we refer to these data collectively as “seismotectonic data’, encompassing mapped faults,
structural lineaments, and relevant focal mechanisms that together form the seismic structural framework of
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Fig. 1. Map of Shandong Region, between 116° to 123° east longitude and 34° to 38° north latitude. The red
area represents the study area of this research — Shandong Region. Produced by GISPro (version 3.3.2; https://
pro.arcgis.com).

Shandong. This framework reveals the geological setting and stress regimes that facilitate the occurrence of
strong earthquakes, offering foundational insights for identifying likely epicentral zones and refining regional
seismic hazard assessments.

This study aims to (1) compile and integrate comprehensive seismic and structural datasets for Shandong
Province, (2) characterize the spatial and temporal patterns of earthquakes, and (3) investigate the tectonic
features that underlie regional seismic activity. By synthesizing historical and modern earthquake catalogs with
detailed fault and focal mechanism information, we provide a basis for improved earthquake source modeling
and hazard assessment. Ultimately, these findings will aid in developing more precise seismic safety provisions
and earthquake-resistant design standards to safeguard lives, property, and infrastructure against future
earthquake disasters in Shandong.

Methods and technical validation

In this study, a comprehensive collection and review of seismic data were undertaken to establish a scientifically
robust seismic catalog for the region. The methodology adhered to two key principles. Firstly, for destructive
earthquakes that have been investigated and reviewed, the seismic parameters derived from these studies were
directly incorporated. Secondly, the process included a critical evaluation of the reliability and completeness
of multiple versions of catalog data, particularly for disputed earthquake records, to determine the most
accurate and comprehensive entries for inclusion. Primary sources of seismic data utilized in this compilation
included Seismic Damage Prevention Department of China Earthquake Administration, China Earthquake
Administration Analysis and Forecast Network, and the official seismic catalogs issued by China Earthquake
Network!3-16,

For seismic events with a magnitude equal to or greater than 4.7 (M=4.7), those with available instrumental
data are assigned magnitudes based on instrumental measurements. In cases where instrumental records are
unavailable, earthquake magnitudes are estimated by analyzing historical accounts of epicentral intensity. These
intensity values are then converted to approximate magnitudes through established empirical relationships
between magnitude and epicentral intensity. Contemporary minor seismic events are typically characterized

using M, . The conversion equations utilized are sourced from “Earthquake Work Manual”"”.

M, =1.13Mp —1.08 (1)
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The conversion equation was developed through a statistical analysis of Xingtai earthquake data by Guo et al.
(1971). Tt is specifically designed for North China region and other areas where the epicentral distance A is less
than or equal to 1000 km (Seismic Damage Prevention Department of National Earthquake Administration,
1990). In the process of creating the fifth series of seismic zoning maps, the correlation between M_ and M;
was re-examined using a substantial volume of modern earthquake data. By analyzing 6577 earthquakes that
occurred between 1990 and 2007, with both M and M, data available and focal depths below 70 km, the
following M_-M; relationship was established as follows:

M, = 0.932M;, — 0.295 (2)

As shown in Fig. 2, the regression line of Eq. (1) exhibits a significant bias towards the dataset, whereas Eq. (2)
aligns with the line M =M , with minor deviations observed at the extremes. Given the dispersion of data points
and the significant uncertainty in the fitting relationship, it is generally accepted that Eq. (2) is fundamentally
in agreement with M =M, relationship. Because the M, is saturated at approximately 6.5-7.0, in the statistical
examination of seismic activity parameters, the modern M, < 6.5 will be directly utilized as M without conversion
to M_. In determining the epicenter location, preference will be given to macroseismic epicenters for earthquakes
with both instrumental and macroseismic epicenters. The analysis of the spatiotemporal characteristics of
seismic activity will involve earthquake data with M=>2.0 since 1970. The seismic conditions pertaining to
regional seismotectonics will be elucidated through an examination of medium earthquake occurrences in the
region and its adjacent areas.

The region primarily encompasses North China Plain Seismic Statistical Area and Tancheng-Lujiang Seismic
Statistical Area. A seismic statistical area refers to specific regions designated for conducting seismic statistical
analyses. These areas are delineated based on geological structures and seismic activity characteristics to facilitate
more accurate data collection and analysis. Based on earthquake records from these seismic statistical areas
and research conducted by Huang et al.”’~%, historical records of destructive earthquakes have been largely
comprehensive since 1484, with the exception of maritime areas. The northeastern section of the region includes
Yellow Sea area, where a more in-depth analysis of seismic data completeness reveals relatively robust earthquake
records. The earliest recorded destructive earthquake occurred in Laizhou Bay, Shandong in 1346, registering M
= 5.0 and documented in five locations, including Yidu (Qingzhou), Changle, Shouguang, Weifang, and Jimo.
In 1517, an M =5.5 earthquake struck Yexian, located west of Laizhou Bay, Shandong, and was reported in ten
locations, including Yidu, Jinan, and Yexian. The 1548 Bohai earthquake, measuring M = 7.0, was felt from
Beijing in the west to Seoul on Korean Peninsula in the east, with over twenty counties documenting the event.
Post-1500, earthquake records M >5.0 in North Yellow Sea area are considered essentially complete, indicating
that records of earthquakes M > 5.0 have been comprehensive since 1500.
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Fig. 2. The relationship of M-M;. The blue circles represent data points, the blue line represents the
conversion equation based on modern data, the red line represents the M = M, conversion equation, and the
black line represents the conversion equation developed for North China based on Xingtai earthquake data.
The pattern does not align with the North China relationship, and the M_ =M, equation is generally accepted
as consistent with the derived relationship.
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Most of the contemporary earthquake data from 1912 to the present have been collected through the use of
seismic instrumentation. The first seismic observatory in Shandong, Taian Benchmark Seismological Station, was
established in 1967. According to “Shandong Province Earthquake Catalog”, between 1967 and 1980, 26 seismic
stations were set up in Shandong, creating an initial regional seismic network with monitoring capabilities.
Subsequently, starting from 1981, the layout and instrumentation of Shandong seismic network were improved.
This involved the reconfiguration and addition of six seismic stations and Jiaxiang wireless transmission sub-
network. These enhancements significantly improved earthquake monitoring in Shandong’s inland areas,
particularly in the southern region. With the exception of northern Shandong and parts of Jiaodong Peninsula,
the earthquake monitoring capability in Shandong’s inland areas is effective for M > 2.0, with southern Shandong
capable of monitoring earthquakes down to M > 1.7. Post-1991, in response to the seismic activity characteristics
in Shandong and adjacent regions and the evolving seismic conditions, Shandong seismic network was further
expanded and optimized, increasing the number of stations to 32. Notably, with the development of digital
observation technology, 19 digital observation stations were established by 2000, leading to the formation of
Shandong Provincial Digital Seismic Network. This development significantly improved earthquake monitoring
capabilities and positioning accuracy in Shandong’s inland and nearshore areas.

Over the course of several decades of development and construction, the seismic monitoring capacity in
various regions of Shandong has made significant advancements. In the western region and Yellow Sea area,
the monitoring capability now enables the detection of earthquakes with M>1.7. Similarly, the central and
eastern regions have achieved a monitoring capability of M >1.4. Specific areas such as Jiaodong Peninsula (e.g.,
Laizhou, Laiyang, Haiyang, and Rushan) and parts of Western Shandong (e.g., Jinan and Tai’an) have reached a
monitoring capability of M>0.8'%. Henan, the seismic monitoring capability was M>2.5 from 1970 to 1979 due
to alimited number of stations. This capability improved to M > 2.3 from 1980 to 2001 during a period of relatively
stable analog observation. However, from 2002 to 2007, the discontinuation of several analog observation
stations resulted in significant gaps in earthquake records, with monitoring capability approximately M>2.6.
Subsequently, from 2008 to November 2020, the seismic monitoring capability increased to M=1.5 following
the completion of the seismic network’s digital upgrade and the deployment of new stations, thereby enhancing
monitoring capabilities significantly'®. The Hebei digital seismic network, post “Eleventh Five-Year Plan” project
transformation, has achieved earthquake monitoring of M> 1.5 across most of the province?’. However, there
remains insufficient station density in Hebei’s border areas, affecting monitoring capabilities. According to Mou
etal. (2016)*2, the entire Hebei region is capable of monitoring earthquakes with M >2.5.

In summary, considering the seismic networks of both regional and neighboring countries, as well as
provincial seismic networks, the earthquake monitoring capability in the region is generally effective for events
M>2.0, with certain areas even capable of detecting earthquakes as low as M=1.0. Analysis of data from
different time periods, dating back to 1970, suggests that there might have been instances where earthquakes
M=2.0 were missed during specific intervals. However, on the whole, the documentation of earthquakes M >2.0
is considered to be comprehensive and dependable.

Regional seismic activity analysis

Seismic records indicate that the earliest earthquake in the region was M = 7.0 earthquake in Anqiu, Shandong,
in 70 BC?!, with the largest being July 25, 1668, Tancheng, Shandong, earthquake M = 8.5 with an intensity of
XI121-2%, The most recent earthquake of M > 4.7 was a M = 5.5 earthquake in Dezhou Plain, Shandong, on August
6, 2023. Table D-1 in the supplementary database compiles the catalog of regional destructive earthquakes
(70 BC-December 2023, M = 4.7), and Table 1 presents the statistics of earthquake magnitudes for regional
destructive earthquakes. To ensure the quality of seismic data compilation, we employed stringent numerical
screening and verification standards, conducting a comprehensive evaluation of factors such as magnitude,
depth, moment tensor solutions, station coverage, and observational geometry. This approach enhances the
reliability and completeness of the database. Any events that do not meet the minimum acceptable thresholds or
exhibit significant conflicts in data consistency are excluded.

In Table 1, spanning the period from 70 BC to December 2023, there were a total of 115 documented
earthquakes with M > 4.7 within the specified region. These earthquakes were further categorized as follows: 37
events with 4.9 > M > 4.7, 55 events with 5.9 > M > 5.0, 17 events with 6.9 > M > 6.0, 5 events with 7.9 > M >
7.0, and 1 earthquake with M>8.0.

The earliest recorded modern earthquake in the region with 4.6 > M > 4.0 was M = 4.6 earthquake in Bohai
Sea on May 16, 1970%>%°. The most recent earthquake M > 4.0 was M = 4.3 earthquake in Zibo, Shandong, on
May 2, 2022. Table D-2 in the supplementary database summarizes the catalog of modern regional earthquakes
(1970-December 2023, 4.6 = M > 4.0), and Table 2 provides statistics for modern regional earthquakes
(1970-December 2023, M > 2.0).

Magnitude categories (M) | Number of earthquakes
4.7-4.9 37
5.0-5.9 55
6.0-6.9 17
7.0-7.9 5
8.0-8.9 1

Table 1. Frequency distribution of regional destructive earthquake magnitudes (70 BC-December 2023, >4.7).
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Magnitude categories | Number of earthqual
2.0-2.9 3943
3.0-3.9 592
4.0-4.6 39

Table 2. Statistical distribution of modern regional earthquake magnitudes (1970-September 2023, 4.6 > M >
2.0).
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Fig. 3. Epicenter distribution of regional destructive earthquakes (70 BC to December 2023, M=> 4.7). Red
circles represent earthquakes that occurred before 1970, while gray circles denote those occurring after 1970.
The size of red circles corresponds to the magnitude of the earthquakes. The maps were generated using
maPInfo software (version 16; http://www.precisely.com) and modified using Power Point (version 2019;
https://www.microsoft.com).

Based on the catalogs of regional destructive earthquakes (M =4.7) and modern regional earthquakes (M
>2.0), Epicenter Distribution Maps for Regional Destructive Earthquakes (Fig. 3) and Epicenter Distribution
Maps for Modern Regional Earthquakes (Fig. 4) were prepared to illustrate the spatial distribution characteristics
of regional seismic activity. In the process of data compilation and selection, we primarily relied on seismic
information recorded by monitoring stations. The catalog of regional destructive earthquakes (M >4.7) from 70
BC to December 2023 has been compiled in Table D-1, while the catalog of modern regional earthquakes (4.6
> M 2 4.0) from 1970 to December 2023 is summarized in Table D-2. The data were sourced from rigorously
validated and certified seismic networks, utilizing high-quality observational data to ensure accuracy and
reproducibility. This study focuses on the specific geographical region defined between 34.7° and 38.5° North
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Fig. 4. Histogram of focal depths for modern regional earthquakes (January 1970 to December 2023, 2.0 <M<
4.6). The numbers on the histogram represent the number of earthquakes that occurred.

latitude and 115.0° to 119.5° East longitude. Additionally, longitude and latitude labels have been included in the
figures to facilitate precise localization within this area.

We have systematically integrated seismic records from historical documents and archaeological findings,
including ancient texts describing past earthquakes and evidence of seismic damage unearthed at archaeological
sites. However, over an approximate period of 2000 years, only 55 earthquake events fell within the M 5.0-5.9
range, largely due to historical variations in seismological station density and the overall development of the
regional monitoring network. In earlier centuries, particularly before modern instrumentation, earthquake
detection relied on a limited and geographically dispersed network of observers. By contrast, the establishment
and expansion of modern seismological networks in the latter half of the 20th century have significantly
enhanced the recording of smaller-magnitude earthquakes-evidenced by Table 2, which shows a considerable
rise in recorded events within theM 4.0-4.6 range from 1970 to December 2023, including 3943 M 2.0-2.9
events. This surge reflects improved observational capabilities and denser station coverage, indicating that the
low count of moderate earthquakes in historical catalogs stems primarily from observational constraints rather
than a genuine scarcity of seismic activity. Furthermore, early records were incomplete due to a lack of systematic
documentation in ancient societies, limited or inaccessible areas left unrecorded, and inconsistencies across
different sources. Socioeconomic factors also played a role: during periods of lower societal and technological
development, earthquake documentation was scarce, whereas modern advancements in monitoring networks
and reporting practices have led to broader and more accurate record-keeping. Consequently, smaller and
moderate earthquakes may be underrepresented, potentially underestimating overall seismic activity and
affecting risk assessments. Thus, the incompleteness of early seismic catalogs should be interpreted with caution,
acknowledging the impact of temporal changes in network density. Future seismic hazard evaluations should
account for these observational biases to achieve a more accurate understanding of the region’s long-term
seismicity. We will continue supplementing our database with new historical and archaeological discoveries to
minimize these data gaps.

Figure 3 depicts the distribution of epicenters for regional destructive earthquakes. The spatial pattern of
these earthquakes demonstrates significant heterogeneity. Specifically, areas with higher frequency of destructive
earthquakes are observed along the southern segments of Xinhe and Liaocheng-Lankao fault zones, which have
experienced multiple regional earthquakes M > 6.0. The seismic activity in the northwestern faults of Yihe
River-Shuhe River fault zone and West Shandong block impacts the region, especially at the intersections of
active faults, making these areas particularly susceptible to earthquakes. Additionally, intense earthquakes were
recorded within Bohai Basin. The faults mentioned in the text can be found in Fig. 8.

A total of 115 destructive earthquakes were documented in the region, with focal depth information
accessible for 40 of these events, averaging a focal depth of 19.0 km. To conduct a more detailed analysis of the
earthquake focal depths in the region, 2570 earthquakes with depth data and M > 2.0 were chosen. The analysis
of earthquake focal depths (Figs. 4 and 5) indicates an average focal depth of 14.9 km for the 2,570 recorded
earthquakes, which is slightly shallower than the average depth of destructive earthquakes. The majority of
these events occur at depths less than 30 km, accounting for approximately 95% of the total seismic activity.
Specifically, earthquakes occurring at depths within 15 km comprise 51.9% of the total, while those between
15 km and 20 km represent 26.4%. These results demonstrate that seismic events in the region predominantly
originate in the upper to middle crust, classifying them as shallow-focus earthquakes.
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Fig. 5. Focal Depth Profile of Modern Regional Earthquakes (January 1970 to September 2023, 2.0 <M< 4.6).
(a) Hypocentral Depth-Azimuth Map. (b) Hypocentral Depth-Quantity Chart. Each square in the figure (a)
represents an earthquake, with the color indicating the depth, transitioning from blue to yellow as the seismic
source depth gradually increases. The figure (b) records the number of earthquakes at different depths, with
the color change reflecting the increasing depth of the seismic source. The maps were generated using maPInfo
software (version 16; http://www.precisely.com) and modified using Power Point (version 2019; https://www.m
icrosoft.com).
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Figure 6 presents an Magnitude-Time (M-T) diagram illustrating regional destructive earthquakes. Before
1485, there were limited records of destructive earthquakes, resulting in significant data gaps. After 1485,
regional earthquakes exhibit evident periodicity, aligning with statistical data from North China Plain seismic
area. The region experienced periods of heightened seismic activity between 1485 and 1675 and 1791-1983,
characterized by a higher frequency of recorded destructive earthquakes. These intervals suggest alternating
phases of intensified and subdued seismic activity. Following 1983, the region entered a relatively quiescent
phase, with the most significant recent event being M= 5.5 event in Shandong Plain (2023).

Seismic activity exhibits spatial heterogeneity, with medium and strong earthquakes, particularly those with
M = 6.0 and higher, being affected by active fault zones and distributed in zones along these faults. Statistical
results indicate that the average focal depth of regional destructive earthquakes is 19 km, while the average focal
depth for recent minor earthquakes is 14.9 km. Regional earthquakes are predominantly located in the middle to
upper crust and are categorized as shallow-source earthquakes. The area mainly encompasses North China Plain
Seismic Statistical Area and Tancheng-Lujiang Seismic Statistical Area?”-?8. Over the next century, the seismic
activity in North China Plain Seismic Statistical Area is projected to persist at or above the long-term average
level. In contrast, Tancheng-Lujiang Seismic Statistical Area should account for seismic activity reflective of its
average levels during historically active phases. The region is currently in the fourth active phase of North China
seismic cycle, with a conservative estimate suggesting the potential occurrence of earthquakes with magnitudes
approaching M = 7.0 occurring in the next 100 years.

After systematically reviewing the spatiotemporal distribution characteristics and activity levels of
earthquakes in this region, it becomes evident that moderate to strong earthquakes are frequently associated with
major fault zones or block boundaries, particularly at the intersections of multiple faults or the termini of active
fault segments, where high-magnitude events are more likely to occur. This uneven spatial distribution and the
periodicity observed in the temporal sequence are intrinsically linked to the regional geological structures and
neotectonic movements. On one hand, differential movements along significant deep-seated faults and block
boundaries provide essential mechanical environments for the accumulation and release of crustal stress. On the
other hand, the juxtaposition and displacement between faults of varying orientations can influence earthquake
source processes and rupture patterns to some extent.

Therefore, following the assessment of seismic activity, it is crucial to further analyze the geological structural
background, characteristics of neotectonic movements, and the distribution of the modern stress field in this
region to understand the conditions and mechanisms underlying earthquakes of various magnitudes. By
integrating structural factors such as the orientations of major faults and fault activity attributes with seismic
activity data, the controlling effects of geological structures on earthquake occurrence can be more clearly
elucidated.

Regional seismic structural characteristics
The occurrence of earthquakes is closely linked to specific geological backgrounds, particularly the association
between earthquakes of M = 6.0 and higher with significant fault activity and deep structural variations. Therefore,
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Fig. 6. M-T diagram for regional destructive earthquakes. The picture intuitively reflects the variation of
earthquake activity over time. The denser the purple line, the higher the frequency of seismic activity during
that period.
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the analysis of regional geotectonic backgrounds and seismic geological features, along with the identification of
structural indicators for powerful earthquakes, not only serves as a foundation for defining seismic zones, belts,
and potential epicentral areas but also holds significant importance for the comprehensive evaluation of seismic
risk at various sites. The development of a comprehensive regional seismotectonic database relied on existing
datasets?®¥2, supplemented by extensive field geological surveys. This effort emphasized the examination of
regional geotectonics, neotectonic activities, major fault characteristics, and fault activity. Additionally, the
process involved creating detailed regional seismic structural maps. These analyses illuminate the seismic
structural framework and tectonic conditions that favor the occurrence of strong earthquakes, providing a
foundational basis for identifying potential epicentral zones and refining seismic hazard assessments.

In Table 3; Fig. 7, the regional analysis primarily encompasses West Shandong Block, Eastern Hebei-Bohai
Block, Zuzhou-North Huaihe River Block, Jiaodong Peninsular-Liaodong Peninsula Block, and Northern
Jiangsu-Jiaonan Block within Yangtze Block area’-%¢. The majority of these regions fall within North China
Block and Yangtze Block areas.

North China Block Region is characterized as one of the oldest stable areas in China, exhibiting a distinctive
double-layer structure. The basement comprises Archean and Lower Proterozoic medium to deep metamorphic
rock systems, which were consolidated by Lvliang Movement*”*. Middle and Upper Proterozoic periods are
associated with Yanshan-Taihang Mountains ancient rift valley sedimentary system. Throughout Paleozoic
to Triassic periods, the region experienced relatively stable platform cover layer sedimentation. Yanshan
Movement, marked by intense activity, led to the formation of primarily northeast-oriented folds, thrust
faults, and magmatic belts. Subsequently, during Cenozoic era, the platform underwent further disintegration,
resulting in the formation of fault depressions and uplifts in North China Plain and Bohai Sea area, controlled
by north-northeast-oriented and northwest-west-oriented faults. The boundaries of North China Block Region
are delineated by significant deep faults. Internally, North China Block exhibits a structural and geomorphic
pattern characterized by alternating northeast-oriented uplifts and subsidence areas. This alternating pattern
of uplifts and subsidence has persisted since the neotectonic period, affecting the distribution of earthquakes
within North China Block*4.

Yangtze Block Region is predominantly situated on both sides of Yangtze River Basin, stretching eastward
from the coastal areas of Jiangsu across Southern Yellow Sea into Southern Korea. Its boundaries are delineated
by deep lithospheric fault zones, which separate it from neighboring geotectonic regions. The formation
and evolution of Yangtze Block Region have unfolded over an extensive geological timeline, encompassing
the development phase of Pre-Sinian Jinning trough and the platform evolution from Sinian to Quaternary
period*!~#3. The former phase laid the groundwork for the block’s basement, while the latter phase contributed to
the formation of the block’s cover layer, separated from the basement by a regional unconformity. The pre-Sinian
basement of Yangtze Block Region comprises a series of sedimentary-metamorphic rocks exhibiting diverse
structural lithofacies characteristics, predominantly located at significant depths below the surface, with certain
exposures present along the current peripheral uplift zones and specific uplift areas within the block**.

The regional neotectonic movement in the area is marked by intense activity, with differential movements of
blocks and fault actions showing dextral oblique-slip along north-northeast-oriented faults and sinistral oblique-
slip along northwest-oriented faults**. The neotectonic zoning and features mentioned above suggest that the
movements in this region are a combination of inherited and newly developed processes, displaying periodicity
over time and variations in spatial tilting. Three fundamental characteristics can be summarized as follows:

Intermittent and general uplift and subsidence

Since Neogene period, the central and eastern Shandong mountains have experienced extensive, intermittent
uplift, resulting in the formation of complex geomorphological features, including four levels of planation
surfaces. Within these mountainous regions, three levels of river terraces have developed, while the coastal
zones exhibit five levels of marine erosion terraces. Concurrently, the eastern basins of North China region have
undergone significant subsidence, leading to prominent sedimentary discontinuities between Oligocene and
Miocene epochs, as well as between Pliocene and Quaternary periods. Neogene and Quaternary strata within
these basins exhibit thicknesses ranging from several hundred meters to over one thousand meters and are
characterized by numerous sedimentary cycles and multi-phase accumulations. These results underscore the
region’s dynamic history of episodic uplift and subsidence.

Differential and tilting activities of fault blocks

The data on mountain altitudes, planation surface elevations, and basin sediment thicknesses highlight
substantial variations in the magnitudes of uplift and subsidence across different geological blocks, accompanied
by different tilting characteristics. For instance, uplifted regions within Neogene uplift framework, such as the

First-level unit Second-level unit

West Shandong Block (I,)

Eastern Hebei-Bohai Block (1)
Zuzhou-North Huaihe River Block (I,)

North China Block Region (I)

Jiaodong Peninsular-Liaodong Peninsula Block (I,)

Yangtze Block Region (II) Northern Jiangsu-Jiaonan Block (II,)

Table 3. Summary of regional geotectonic zoning.
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Fig. 7. Regional geotectonic zoning. The Roman numerals in the figure represent different blocks. I. North
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southern central and eastern Shandong uplift, display a pronounced southward tilt. These tilting movements
are primarily driven by the normal slip of faults within the basins, resulting in the formation of tilted fault
depressions on the downthrown sides and uplifted fault blocks on the upthrown sides.

Inheritance and neoteny of fault and block activities

Fault and block movements in the region have largely inherited pre-existing structural patterns and modes of
activity, with differentiation during Xishan Movement playing a pivotal role in shaping these configurations.
This influence is particularly pronounced in the neotectonic period, beginning in the Quaternary. During this
time, uplifted areas have continued to experience elevation, while subsided regions have undergone further
depression. Additionally, fault and block activities exhibit characteristics of neoteny, as evidenced by intervals
within the neotectonic period where faults and blocks display reverse movements or new structural blocks
emerge along pre-existing fault lines and boundaries.

In Table 4, the region can be subdivided into 4 secondary zones and 13 tertiary zones based on factors such
as developmental history, types, magnitudes, geomorphic features, main controlling faults’ orientations and
activities, and seismic activity.

Regional neotectonic movements are predominantly defined by the differential uplift and subsidence of
fault blocks, driven by fault activity. Destructive earthquakes often originate in structural settings where these
differential movements are particularly pronounced, commonly leading to the formation of fault depression
basins. Strong earthquakes are frequently concentrated in specific structural features within these basins, such as
the steeply dipping flanks of tilted fault basins, zones with significant fault displacement, transverse uplifts within
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Primary neotectonic zone Secondary neotectonic zone Tertiary neotectonic zone
Number Number | Name Number | Zone name
I-1-1 Central Hebei fault depression

North China Neotectonic Zone

I-1-2 Cang County fault uplift

I-1-3 Huanghua fault depression

I-1-4 Chengning fault uplift

I-1 Eastern North China Basin Fault Depression Zone | I-1-5 Jiyang depression

I-1-6 Xingtai-Hengshui fault uplift

I-1-7 Linqing fault depression
I-1-8 Neihuang fault uplift

I-1-9 Dongpu depression

I-2-1 West Shandong Northern Subsidence slope belt

I-2 West Shandong Block Uplift Zone I-2-2 Southern Central Shandong strong fault uplift
I-2-3 West Shandong Southern fault depression

1-3 Eastern Shandong Block Uplift Zone 1-3-1 Jiaonan Weak fault uplift

I-4 Tancheng-Lujiang Fault Zone Active Area

Table 4. Regional neotectonic zoning.

basins, apex areas of triangular fault basins, secondary grabens within composite fault systems, and intersections
of multiple active fault lines. This pattern is evident in historical events such as the 1937 Heze M= 7.0 earthquake,
the 1966 Ningjin M = 7.2 earthquake, and the 1622 Yuncheng M = 6.0 earthquake®~3. Strong earthquakes are
commonly observed at the terminations of active faults or at intersections of two or more active structural belts,
as exemplified by the 1668 Tancheng M = 8.5 earthquake and the 70 BC Angiu M = 7.0 earthquake in Shandong.

The region features a network of prominent large-scale faults, predominantly oriented in a northeast-north-
northeast direction, followed by northwest-northwest-west orientations, with a smaller subset trending nearly
east-west. These fault systems include the southern section of Tangshan-Hejian-Cixian Fault Zone, faults within
Eastern North China Basin fault depression zone, Tancheng-Lujiang Fault Zone, and faults located in West
Shandong Block region, along with specific faults in Southern Yellow Sea. Figure 8 summarizes the primary
fault structures within the region, while detailed attributes (e.g., fault length, strike, dip direction, dip angle, fault
type, determination methods, latest periods of activity, and historical earthquake records) are provided in the
supplementary database Table D-3.

The contemporary tectonic stress field is essential for investigating the circumstances leading to significant
earthquakes, facilitating the examination of fault activity and types of slip®. The statistical properties of the
primary stress axes orientations derived from focal mechanism solutions can depict the key aspects of the
regional contemporary tectonic stress field. Therefore, the utilization of focal mechanism data enables a more
in-depth analysis of the features of the regional contemporary tectonic stress field and the characteristics of
the source faulting. Through the inversion of the modern tectonic stress field for mainland China, particularly
in Eastern China and North China, based on focal mechanism solutions from a series of recent strong and
moderate-to-minor earthquakes, numerous researchers in China have conducted studies. In Eastern China,
especially for earthquakes with M > 6.0, the dip angles of the two nodal planes of the focal mechanisms typically
range between 60° and 70°, with the principal compression stress axis predominantly oriented near-horizontal,
mainly towards the northeast, north-northeast, or almost east-west directions, gradually shifting from north-
northeast to nearly east-west and northwest-southeast directions towards the south, primarily north-northeast
in North China above latitude 34°N. The principal tension stress axis transitions from north-northwest to near
north-south to north-northeast as one moves southwards, predominantly exhibiting north-northwest to near
north-south orientations in North China above latitude 34°N; the dip angles of both the principal compression
and tension stress axes are generally below 20°, with the force acting horizontally or nearly horizontally. This
suggests that the current modern tectonic stress field in North China region is characterized by east-northeast
to west-southwest compression and north-northwest to south-southeast extension. According to by Zhou et
al.*%-2, the average orientation of the P axis in the comprehensive mechanism solution for Shandong is 76°, and
the T axis is 345°; the average dip angles of P and T axes are both below 10° the predominant orientations of P
and T axes in individual earthquake focal mechanism solutions are approximately 80° and 340°, respectively;
approximately 2/3 of P and T axes have dip angles within 30°; the principal compression stress axis direction
in the modern tectonic stress field of Shandong is east-northeast, approximately 70° to 80°, and the principal
tension stress axis orientation is north-northwest, approximately 340° to 350°. The force acts horizontally or
nearly horizontally. The general characteristics of the stress field in Shandong are largely in line with the broader
North China regional stress field.

Research has gathered and systematized focal mechanism solution data for moderate and minor earthquakes,
as well as recent strong earthquakes in the region. This data serves as the foundational information for inferring
and inverting the regional tectonic stress field. Details such as earthquake date, epicenter location, strike, dip
direction, and dip angle of plane A, strike, dip direction, and dip angle of plane B, orientation and elevation
angle of the P axis, and orientation and elevation angle of the T axis, are available in the supplementary database
Table D-3 and Table D-4. As shown in Fig. 9, through statistical analysis of the regional data, a comprehensive
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Fig. 8. Regional seismic structural map. This image summarizes the major fault structures in the region,

with F1-F70 being the main faults in the region. The ‘F’ labels on the map represent different fault zones. Red
circles represent earthquakes, and size of red circles corresponds to the magnitude of the earthquakes. Specific
information can be found in the supplementary database Table D-3. The maps were generated using maPInfo
software (version 16; http://www.precisely.com) and modified using Power Point (version 2019; https://www.m
icrosoft.com).

mechanism solution was obtained, revealing an average P axis orientation of 76° and a T axis orientation of 345°.
The average dip angles of the P and T axes are both below 10°, with the predominant orientations of the P and T
axes in individual earthquake focal mechanism solutions being approximately 80° and 350°, respectively. In the
region, the primary distribution orientation of the principal compression stress P axis is east-northeast, ranging
between 60° and 90°, while the main orientation of the principal tension T axis is north-northwest, between 330°
and 350°. However, the complex rose diagram suggests that local stress fields exhibit certain variance from the
broader regional stress field. By integrating the analysis of the tectonic stress field in Shandong, the direction of
the principal compression stress is identified to be between 60° and 90°, and the principal tension stress direction
between 330° and 350°, aligning closely with the orientation of the larger North China regional tectonic stress
field.

Based on the data presented above, the region is predominantly situated within a contemporary tectonic stress
field characterized by a near east-northeast to west-southwest oriented near-horizontal principal compression
stress and a near north-south oriented near-horizontal principal tension stress. In such a stress regime, there is
a significant probability of strike-slip or a combination of strike-slip and dip-slip fault activities taking place.
Examination of the two nodal planes and P and T axes from the focal mechanism solutions indicates that right-
lateral strike-slip is probable on north-east oriented faults, whereas left-lateral strike-slip is anticipated on north-
west oriented faults.

Based on the regional geological structure, neotectonic movement characteristics, modern crustal movement
features (which refer to the patterns and rates of crustal movements recorded since 1970 through advanced
seismic monitoring equipment and crustal deformation observation technologies), and their relationship with
seismic activity, the seismic structural conditions for earthquakes of different magnitudes are summarized
as follows: (1) For earthquakes M > 8, seismic structural indicators include earthquakes occurring along the
boundaries of active geotectonic blocks, generally active deep major fault zones, such as the 1688 Tancheng-
Lujiang fault zone Tancheng M = 8.5 earthquake. The causative fault shows clear Holocene activity signs, and the
seismotectonic is often at the intersection of two groups of active structural belts. Numerous M = 8 earthquakes
are related to areas with the largest vertical movements since Quaternary; (2) For earthquakes 7.9 > M > 7.0,
seismic structural indicators include areas with seismic structural indicators for M > 8.0 earthquakes, such as 70
BC Tancheng-Lujiang fault zone Anqiu M = 7.0 earthquake in Shandong. These earthquakes occur within large
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Fig. 9. Stereographic projections of P and T Axes for Regional Earthquakes (M=>2.0). (a) P and T Axes
Stereographic Projection. (b) Orientation Stereographic Projection. The picture shows the azimuth and
elevation information of the P-axis and T-axis, and this azimuth rose diagram reflects the geological
characteristics of the area, indicating certain differences between the local stress field and the large-scale
regional stress field.

depressions and uplift units controlled by major faults, such as 1888 Bohai Bay M = 7.5 earthquake and 1969
Bohai M = 7.4 earthquake. They also occur along major fault zones in North China Plain with clear Holocene
activity, such as 1966 Hebei Xingtai M = 7.2 earthquake, and at the intersection of large active fault zones and
active faults within West Shandong Block Basin, such as the 1937 Heze M = 7.0 earthquake. On 6th February
2023 (UTC), two consecutive and catastrophic earthquakes with moment magnitudes (Mw) 7.8 and 7.7 struck
the Maras Triple Junction (MTJ) region. These events are likely associated with conventional fault activations,
recurrence intervals, and seismic gaps®*. The Lakes Van and Ercek regions suffered a NE-propagating sequence
of blind thrust mainshock-aftershocks in the October 23, 2011 Van earthquake, Mw 7.1. This large blind thrust
event ruptured the faults located within the accretionary prism, accumulated by the continent-continent
collision between the Arabian and Anatolian plates®. (3) For earthquakes 6.9 > M > 6.0, seismic structural
indicators include not only being limited to Cenozoic active block boundary faults, boundary faults between
uplifts and depressions, or Cenozoic intensely active basement faults. The causative fault is late Pleistocene and
Holocene active faults, with diverse seismotectonic directions. These earthquakes commonly occur at junctions
between secondary uplifts and depressions within structural blocks or at fault intersections, such as the 1829
Yidu M = 6.25 earthquake and the 2020, Elazig M = 6.8 earthquake®®; (4) For earthquakes 5.9 > M > 5.0, no
different pattern in seismic structural conditions is observed. However, these events are linked to fault activity
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and basin structural features. Research results indicate that early to middle Pleistocene faults in Shandong have
a certain controlling effect on earthquakes M =~ 5.5.

Neotectonic movements in the region are marked by extensive, sporadic, and uneven patterns of uplift
and subsidence, accompanied by significant differential block movements in localized areas. The terrestrial
geomorphology is predominantly shaped by North China Plain and the central Shandong mountains, with
limited coastal zones in the northeastern and southeastern regions, particularly around Bohai and Southern
Yellow Seas. The area also contains various basins, such as Eastern North China Basin, fault depression basins
along Yihe River-Shuhe River fault zone, and basins within West Shandong Block, each exhibiting unique
developmental histories, classifications, and varying influences from fault activity. The contemporary tectonic
stress field in the region is primarily aligned east-northeast to west-southwest for compressional forces, with
tension forces oriented nearly north-south. This stress regime is predominantly horizontal or near-horizontal,
with an action angle generally below 30°. The overall characteristics of the stress field are largely in line with
the broader North China regional stress field. Examination of the combination of the two nodal planes with P
and T axes indicates a high probability of right-lateral strike-slip on northeast-oriented faults and left-lateral
strike-slip on northwest-oriented faults. The region mainly encompasses North China Plain Seismic Statistical
Area and Tancheng-Lujiang Seismic Statistical Area. The engineering site falls within North China Plain Seismic
Statistical Area, where the seismic activity level over the next century should not be assumed to be lower than the
long-term average. Tancheng-Lujiang Seismic Statistical Area should anticipate the average activity level during
its active periods over the next hundred years. Presently, the region is in the fourth active period of North China,
and conservatively, there remains a possibility of earthquakes of M = 7.0 occurring within the next century. A
comprehensive analysis indicates that the region possesses the structural prerequisites to undergo earthquakes
85>M=6.0.

Discussion and conclusion

This study provides a systematic analysis of seismic activity in the Shandong region, focusing on its seismicity,
major fault structures, spatiotemporal distribution, and associated earthquake hazards. To enhance the
robustness and applicability of our conclusions, it is essential to place these findings within a broader global
seismological context.

The tectonic evolution of the Shandong region is largely shaped by the interactions among the Eurasian,
Philippine Sea, and Pacific plates, making it a typical example of a triple junction zone. The sutures between these
plates, along with subduction, collision, and transform faulting, contribute to the formation of the regional fault
systems and stress accumulation mechanisms. This dynamic is similar to that observed in other triple junction
regions, such as the Gokova Gulf in the Mediterranean. The Gokova Gulf is characterized by significant seismic
clustering, with seismic activity displaying spatial heterogeneity and banded aggregation, akin to patterns seen
in the Shandong region®®. Research, such as that by Toker et al. (2023)3, highlights that triple junctions often
experience complex and variable stress-release patterns, with large earthquakes sometimes occurring nearly
simultaneously or in rapid succession. Changes in plate interaction rates, such as accelerated subduction or
increased strike-slip activity, can trigger or amplify seismic events along multiple fault lines, leading to clusters
of large earthquakes. This phenomenon is evident in Shandong, where large earthquakes tend to concentrate
along the main segments of the Tanlu Fault Zone and its associated branches, particularly in regions like the
Jiaodong Peninsula.

The seismic activity in these regions is driven by collective stress adjustments across multiple plate boundaries
and fault systems. In Shandong, similar deformation characteristics are observed along the Tanlu Fault and
Jiaolai Basin Fault, where large earthquakes in one segment can significantly affect neighboring fault segments
due to stress redistribution. This highlights the importance of monitoring fault zones in close proximity to each
other to better understand potential interactions and cascading seismic events.

Building upon these observations, future research should integrate insights from other triple junctions to
explore the interactions between faults of varying orientations and the potential for large earthquakes to occur
in rapid succession. Such studies will help refine the assessment of triggering mechanisms and improve the
understanding of the spatial distribution of seismic events in the Shandong region.

Moreover, major earthquakes often exhibit temporal clustering and spatial migration. The Shandong region,
with significant historical events such as the M8% Tancheng-Dayinzhuang Earthquake in 1668, presents an
opportunity to investigate whether similar clustering or migration patterns exist in this area. Further research,
incorporating fault geometry studies, stress-field numerical modeling, and strain measurement data, is essential
to verify these patterns and enhance our predictive capabilities for future seismic events.

This study provides a systematic analysis of seismic activity characteristics, major fault structures, and the
potential hazards associated with the spatiotemporal distribution of seismic parameters in the Shandong region,
yielding the following new insights and conclusions:

The findings indicate that moderate to strong earthquakes (especially those of magnitude 6 and above) in the
Shandong region mainly occur in belt-like patterns along known active fault zones, particularly exemplified by
the Tanlu Fault and the Jiaolai Basin Fault. Although prior research has highlighted fault controls on seismicity,
this study refines the segmentation characteristics and hypocenter depth distributions of these fault zones by
integrating historical seismic catalogs and precise relocations of modern microearthquakes. By combining
historical destructive earthquake data with modern microseismic observations, we confirm that earthquake
activity in Shandong is primarily concentrated in the middle to upper crust (approximately 15-20 km depth).
This depth distribution aligns with the strike-slip characteristics of the Tanlu Fault Zone. Similar to other triple-
junction areas, the frequent recurrence and spatial clustering of shallow-focus earthquakes underscore the
heightened importance of earthquake preparedness and disaster mitigation in this region.
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Due to the convergence of the Eurasian, Philippine Sea, and Pacific plates, crustal deformation in Shandong
is governed not only by individual fault activities but also by collective stress adjustments among multiple faults
and tectonic blocks. Drawing on recent findings in regions such as Anatolia®**, a significant earthquake on one
major fault segment could redistribute stress, affecting adjacent segments and potentially prompting clustered
large earthquakes or spatial migration of seismic activity>’~>°. This mechanism explains the historical clustering
of major earthquakes in Shandong and highlights the need for integrated assessments of primary and subsidiary
faults. Given that Shandong is currently in the fourth active seismic period for North China-coupled with
historical evidence, such as the M8% Tancheng-Dayinzhuang Earthquake in 1668-it is prudent to anticipate the
possibility of magnitude 7 or larger events over the next century®®®L. This study’s integrated analysis of seismicity,
triple-junction plate dynamics, and fault geometry indicates that strong earthquakes (magnitude 7 or even 8%)
may still occur in the region. Lessons from other triple-junction areas show that changes in plate interactions
(e.g., accelerated subduction, increased strike-slip rates) could activate multiple faults nearly simultaneously.
Hence, urban planning and engineering design near major fault zones must adopt stronger seismic fortification
requirements, with particular attention to detailed site investigations and continuous monitoring in fault-prone
areas.

While constructing a refined picture of seismic activity in Shandong, this study did not have access to the
full range of station azimuths and gaps data, potentially affecting the accuracy of deep structural interpretations,
detailed fault segmentation, and focal mechanism solutions. Future work will seek to collect additional
observational and mapping data, incorporate high-precision strain measurements, conduct stress-field
numerical modeling, and refine fault geometry assessments. These efforts will advance our understanding of
multi-fault interactions, potential mainshock-triggering modes, and patterns of large earthquake migration in
Shandong, ultimately providing more reliable scientific support for regional seismic risk assessment and disaster
mitigation strategies.

In summary, by drawing parallels with other highly seismically active triple-junction regions, this study
deepens our understanding of the Shandong region’s fault structures, seismicity distribution, and potential
triggering mechanisms. The findings contribute valuable insights and parameters for subsequent seismic hazard
evaluations and disaster-preparedness efforts in the region. Building on these results, we propose several future
research directions to further enhance our understanding of seismic activity in Shandong and improve earthquake
disaster prevention and mitigation capabilities. Firstly, it is recommended to investigate the relationship between
seismic activity and deep geophysical fields, such as crustal structure and lithospheric rheological properties,
to explore the control mechanisms of deep geological processes on shallow seismic activity. Secondly, research
should focus on optimizing seismic monitoring networks and earthquake early warning technologies to improve
real-time monitoring and rapid response capabilities, thereby reducing the impact of earthquake disasters.
Additionally, further improvement of seismic hazard assessment models is necessary by incorporating more
factors that influence seismic activity, such as climate change and human engineering activities, to enhance
the accuracy and reliability of assessment results. Through these targeted research efforts, more scientific and
comprehensive support will be provided for seismic risk management and disaster mitigation strategies in the
Shandong region.
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The datasets generated during and analyzed during the current study are available from the corresponding au-
thor on reasonable request.
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