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A MS6.2 earthquake struck Jishishan Country in Gansu Province on 18 December 2023. The earthquake occurred on the eastern branch of the Northern Lajishan fault (NLJSF) which has never experienced such a violent seismic event in recorded history. In this study, multiple periods of GNSS campaign observation data and continuous observation data are collected to reveal the crustal deformation evolution characteristics of the eastern branch of the NLJSF before the earthquake, focusing on the dynamic behavior of the causative fault, regional strain parameter features, and the variation of GNSS baselines across the NLJSF. Velocity field data show that the differential movement on both sides of the fault zone before the earthquake accumulated energy for the occurrence of the earthquake. Cross-fault profile analyses indicate a noticeable weakening of horizontal shortening on both fault flanks, suggesting a nearing fault lockup. The baseline time series and strain parameter time series results both show that the study area is mainly NEE-trending compression deformation. In addition, before the earthquake, multiple baseline results and strain parameter time series deviated from the linear trend and gradually flattened, indicating a strain accumulation in the study area. The overall crustal deformation evolution shows a relatively high earthquake risk before the Lajishan earthquake.
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1 INTRODUCTION
On 18 December 2023, a MS6.2 earthquake (hereinafter referred to as the Jishishan earthquake) struck Jishishan County, Gansu Province (35.70°N, 102.79°W), with a focal depth of 10 km. Initial studies following the earthquake primarily concentrated on coseismic slip and identifying the causative structure. However, consensus remains elusive (Yang J. Y. et al, 2024; Li et al., 2024; Liu et al., 2024; Lu et al., 2024). The eastern branch of the Northern Lajishan fault (NLJSF) lies merely 3 km from the epicenter and is widely regarded as the probable causative structure of the Jishishan earthquake (Lu et al., 2024; Tian and Chen, 2024; Yang P. X. et al, 2024; Yang and Su, 2024). The earthquake occurred on the Qilian Block in the northeast of the Qinghai-Xizang Plateau, a region known for its complex geological structure and significant crustal deformation. It is also one of the most tectonically active and earthquake-prone areas on the Qinghai-Xizang Plateau (Zhang et al., 2002). According to historical records, the basins flanking both the northern and southern sides of Lajishan have encountered over 20 moderate earthquakes, each registering approximately magnitude 5. Remarkably, seismic events of magnitude 6 or higher occurred only once, notably the 6.7 magnitude earthquake that occurred in the southwestern region of Kangle, Gansu, in 1936. The tectonic background of the Jishishan earthquake is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Tectonic background of the Lajishan earthquake. The focal mechanism solution from Global Centroid Moment Tensor database (GCMT), red dots represent historical earthquakes since 1970. The red solid box in the inset figure indicates the location of the study area relative to the Qinghai-Xizang Plateau.
Situated within the Qilian orogenic belt, the Lajishan tectonic belt (LTB) is an ancient geological feature formed during the Caledonian, which has experienced many episodes of strong tectonism (Wang et al., 2000; Lease et al., 2011; Lease et al., 2012; Yuan et al., 2013). The LTB is composed of two NE trending arc-shaped thrust structures, with the southern fault spanning approximately 220 km and the northern fault approximately 230 km. The overall orientation of the section is southwest, with a dip angle ranging between 45° and 55°. Due to the India-Eurasia collision, the northeastern margin of the Qinghai-Xizang Plateau has been in a state of compression for a long time (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977). Several faults and basins emerged in the Qilian orogenic belt, such as the West Qinling fault, Lintan-Tanchang fault, Riyueshan fault, and Daotanghe-Linxia fault, as well as the following basins: Xining-Minhe basin, Xunhua-Huanglong basin, and Linxia basin. The Lajishan fault zone plays an important role in the Qilian orogenic belt. On one front, it delineates the boundary of several late Cenozoic graben basins, such as the Xining-Minhe basin to the north, the Xunhua-Hualong basin to the south, and the Linxi basin to the east. Simultaneously, it accommodates the structural transformation deformation associated with the interaction between the NNW-trending right-lateral Riyueshan fault and the NWW-trending left-lateral West Qinling fault, playing an important role in transmitting NE-trending stress within the Qinghai-Xizang Plateau. Yuan et al. (2005) suggests that due to the unique compression structures in the region, stress tends to concentrate and release easily, resulting in frequent small earthquakes and rare large ones. However, the region still maintains the structural conditions to trigger moderate or strong earthquakes. Satellite image analysis and field geological and geomorphological investigations reveal that the slip rate of the fault since the mid-to-late Holocene has been approximately 0.51 mm/year (Li et al., 2009). Geological timescales are vast while geodetic rates reflect movements over recent years or decades. Zhuang et al. (2023) obtained the slip rate of the Lajishan fault using GNSS data. It’s 0.3 ± 0.2 mm/year. Given the non-linear nature of geological processes and potential short-term influences, Zhuang et al. (2023) consider the 0.3 mm/year result to be unusually low and suggest that it may be related to fault locking. Therefore, the long-term slip rate for the region is estimated to be around 0.5 mm/year. The long-term vertical crustal movement trend obtained by Hao et al. (2014) using leveling data and GNSS data shows the uplift movement around the LTB. Zhao et al. (2022) integrated the latest and previous observation data to investigate the three-dimensional deep electrical structure of the entire LTB area. They found that the LTB is an important physical boundary zone separating a high-resistivity body to the north from a deep high-conductivity layer in the middle-lower crust to the south. The high-resistivity body on the northern side of the LTB blocks the northeastern extension of the high-conductivity layer in the middle and lower crust in the southern area, resulting in active orogenic and seismic activity.
Global Navigation Satellite Systems (GNSS) technology is widely used in many fields such as geodesy and geodynamics due to its high resolution, wide range, and all-weather characteristics. Its utilization has led to groundbreaking insights into numerous geophysical phenomena that would otherwise remain elusive, including regional crustal movement and tectonic deformation characteristics, fault zone deformation characteristics, regional stress and strain characteristics, and micro-dynamics of crustal movement, etc. (Li et al., 2003a; Li et al., 2003b; Gan et al., 2007; Du et al., 2018; Zhao et al., 2012; Deng et al., 2014; Liu et al., 2014). The northeast margin of the Qinghai-Xizang Plateau has attracted much attention due to complex geological conditions and strong tectonic activity. Wang et al. (2001) proposed the first relatively comprehensive velocity field with using 354 GPS stations. The results show that there is an obvious shortening in the interior of the Qinghai-Xizang Plateau, and the Qaidam Basin and Qilian Mountains on the northeastern margin of the Qinghai-Xizang Plateau accommodates the India-Eurasia collision at a rate of 10 mm/a, showing strong activity. Relative to the stable Eurasian plate, the entire northeastern margin of the Qinghai-Xizang Plateau rotates clockwise, transforming the NE-trending movement into SE-trending movement, resulting in the accumulation of strain in Liupanshan and Longmenshan, and this process is achieved through the WNW-trending left-lateral strike fault and the NNW-trending right-lateral strike fault (Wang et al., 2017). The active structures in the northeastern margin of the Qinghai-Xizang Plateau can be divided into three basic types: the NWW-trending main boundary left-lateral shear tectonic belt, the intra-block secondary right-lateral shear tectonic belt, and the compression convergence tectonic belt. Under the action of NE-trending regional tectonic stress, a series of complex tectonic deformation occurs in the crust, such as NE-trending compression shortening, clockwise rotation, and extrusion in the SEE direction. Nowadays, the northeastern margin of the Qinghai-Xizang Plateau has become the frontier area and sensitive part of the tectonic deformation on the plateau, accommodating and regulating the push and convergence of the Indian plate to the Eurasian plate in the direction of the NNE, and is still subjected to strong tectonization (Yuan et al., 2013; Liu et al., 2014; Wang and Shen, 2020).
The essential process of earthquake generation and occurrence involves the accumulation of strain through crustal movements. The release of accumulated strain energy will result in regional crustal rupture known as earthquakes.(Scholz, 1998; 2002; Zhang et al., 2013). Small earthquakes may occur every few decades or hundreds of years, while large earthquakes may occur for thousands of years, depending on the tectonic setting. However, there is limited documented seismic data available to study the recurrence cycles of earthquakes comprehensively. With the development of geodetic techniques such as GNSS and other geophysical observation techniques, the extent of strain accumulation can be quantified by using GNSS and other geophysical techniques to monitor small changes in the Earth’s crust. This kind of data can help researchers determine which regions are experiencing the greatest strain accumulation and are likely to be the key area for future seismic activity. Previous studies have suggested that the region should be characterized by frequent occurrence of small earthquakes and scarcity of large earthquakes (Yuan et al., 2013). However, an MS6.2 earthquake ruptured. It remains unknown whether the earthquake is associated with any changes in the LTB area’s activity. Furthermore, as the epicenter located in the transitional area between the Qinghai-Xizang Plateau and the Loess Plateau, the earthquake triggered extensive liquefaction and landslides, leading to severe loss of life and property damage. In total, 772,000 individuals in Gansu and Qinghai provinces were impacted by the disaster, with 151 fatalities and 983 injuries reported. The event led to the collapse of 70,000 homes, severe damage to 99,000 residences, and general damage to 252,000 structures. The direct economic losses amounted to 14.612 billion yuan. Therefore, it is essential to study the underlying causes of the earthquake and investigate the mechanisms and dynamics of regional tectonic deformations. This study will utilize GNSS observation data to analyze the overall characteristics of regional crustal movement and the deformation evolution characteristics of the LTB before the earthquake rupture. It aims to enhance the understanding of the regional tectonic environment and the laws of strong seismic activity and provide a basis for the judgment of future strong seismic activity risk areas in the region.
2 DATA
The millimeter-sized relative precision can be obtained by using GNSS Carrier Phase Measurement for static relative positioning. GNSS measurements are the basic method used in high-precision geodesy at present. GNSS observation can be divided into continuous observation and campaign observation according to the observation mode. Continuous observation installs GNSS equipment on the permanent ground station for long-term continuous monitoring, while campaign observation periodically sets up GNSS equipment on the permanent ground station to conduct periodic observations. Each observation phase is generally 96 h, with observation intervals longer than 1 year. The data collected from continuous observation is continuously stored in the receiver storage device or transmitted back to the data center over a private network to produce GNSS time series results. The main output of campaign observation is GNSS velocity field results. In crustal deformation research, the high spatial resolution ensured by the campaign observation mode compensates for the spatial resolution limitations inherent in the continuous observation mode. Furthermore, the high temporal resolution provided by the continuous observation mode can reflect the temporal dynamic process of crustal deformation objectively (Zhang et al., 2011; Ma et al., 2018).
The GNSS velocity field data used in this paper are from Wang and Shen (2020). The velocity field results comprise GNSS data collected from both Crustal Movement Observation Network of China (CMONOC) I and II, supplemented by additional data from densified regional campaign GNSS networks and regional continuous GNSS sites within seismically active regions. This study uses GAMIT (Herring et al., 2010a) to process or reprocess all GNSS raw data. In addition, the velocity field data processing incorporates around 100 International GPS Service (IGS) sites distributed globally. Ultimately, the results from the same day are amalgamated using GLOBK (Herring et al., 2010a).
To enhance the understanding of the dynamic crustal deformation preceding the Jishishan earthquake, this study focuses on 15 GNSS continuous stations from CMONOC-I to analyze site displacement and baseline variations. The GNSS continuous data used in this paper is processed by GAMIT/GLOBK and QOCA software (Dong et al., 1998; Herring et al., 2010b; Zhao et al., 2021). This procedure is supplemented by the site coordinate time series results of the ITRF2014 reference frame processed by IGS stations around China Mainland (Liang et al., 2021). GNSS single time series are all the results after removing the period, correcting the earthquake events, replacing the instruments, and the step caused by unknown reasons, as the series are susceptible to various influences. The computation methods refer to Liang et al. and Nikolaidis (Nikolaidis, 2002; Liang et al., 2021).
3 RESULT
3.1 Analysis of GNSS campaign observation data
The velocity field can intuitively show the motion state of the block. In this paper, velocity field data spanning from 2017 to 2021 and from 2021 to 2023 are used to reveal the movement status of the study area in recent years. Velocity fields have been converted to results relative to the South China block through Euler rotation (Figure 2). Both velocity fields clearly show that in the continuous northward pushing of the Indian plate, the horizontal motion of the eastern Qinghai-Xizang Plateau is characterized by continuous changes. The predominant movement trend within the region is northeastward. Due to the blocking of the three rigid blocks of the Alxa block, Ordos block, and South China block, the overall movement rate of the eastern Qinghai-Xizang Plateau gradually decreases from south to north accompanied by a change in the direction of movement towards the east and southeast. Essentially, the obstruction by these three rigid blocks induces a clockwise rotation movement along the eastern margin of the Qinghai-Xizang Plateau relative to the South China block.
[image: Figure 2]FIGURE 2 | The horizontal GNSS velocities of crustal motion around the northeastern edge of the Qinghai-Xizang plateau relative to the South China block, the blue velocity vector represents the velocity field in 2017–2021, and the red velocity vector represents the velocity field in 2021–2023. The light black ellipse at the tip of each velocity vector is 95% confidence. The dark gray solid lines are the boundary of the blocks (Zhang et al., 2003), and the light gray solid lines indicate active faults in the Holocene (Deng et al., 2002). The red beachball is the focal mechanism of the Jishishan earthquake, red line shows the causative fault. The black quadrilateral frame represents the cross-fault velocity profile.
The comparison of the results during 2017–2021 and 2021–2023 reveals that the overall crustal movement in the eastern part of the Qinghai-Xizang Plateau shows a northward deflection. In the central and western part of the suture zone between Qilian block and Alxa block, the velocity field during 2021–2023 shows a movement to the north, while a northeastward movement was observed during 2017–2021. In the Qilian block, the central and western Qaidam block as well as the majority of the northern part of the Longzhong Basin tectonic area, crustal movement during 2021–2023 shows a slightly northward trend contrasting with the NE-trending or NEE-trending movement observed during 2017–2021. Similar northward deflection also occurred in the eastern Qaidam Block as well as the central and southern parts of the Longzhong Basin tectonic area, where crustal movement shifted from E-trending to NEE-trending or from SE-trending to E-trending. In addition, the comparison also presents the variations in the rate of crustal movement. The crustal movement rate of the Longzhong Basin tectonic zone has slowed down compared with 2017–2021. In the central and western parts of the Qaidam block, the velocity field rate during 2021–2023 is slightly greater than that during 2017–2021. Furthermore, distinct movements are observed on both sides of the eastern branch of the NLJSF. Comparing the periods of 2021–2023 with 2017–2021, crustal movement on the northeast side of the fault presents a notable counterclockwise rotation while a clockwise rotation on the southwest side. Additionally, the crustal movement rate of both sides of the fault slows down significantly. These differential crustal movements on both sides of the fault zone have contributed to the accumulation of strain energy for the Jishishan earthquake (Jiang et al., 2007).
Based on the above velocity field, the strain rate field in the study area before Jishishan earthquake is obtained by using the least square method (Jiang and Liu, 2010; Wu et al., 2009). The results of the principal pressure strain rate in the period 2017-2021 and 2021-2023 are −1.49 × 10−8/a and −1.94 × 10−8/a, respectively. The compressive strain rate in the source area is enhanced and there is compressive strain accumulation. The epicenter area shows an increased compressive strain rate, indicating the accumulation of compressive strain.
Figures 3A, B show the surface strain rate field of the velocity field during 2017–2021 and 2021-2023 respectively. Positive values indicates tension, negative values indicates compression. Both results show the compression background of the northeast margin region of the Qinghai-Xizang Plateau. I Figure 3B shows the most advanced region of the northeast margin of the Qinghai-Xizang Plateau is in the compression region, and the compressive strain is enhanced compared with Figure 3A.
[image: Figure 3]FIGURE 3 | GNSS strain rate field derived from the velocity field in Figure 2. (A) the surface strain rate field derived from the velocity field 2017–2021, (B) the surface strain rate field derived from the velocity field 2021–2023, (C) the second strain rate invariant derived from the velocity field 2017-2021, (D) the second strain rate invariant derived from the velocity field 2021–2023.
The second strain rate invariant represents the total deformation in the study area. Unlike the maximum shear strain rate and the surface strain rate, the principal tensile strain rate and the principal compressive strain rate do not cancel each other out due to their differing signs. The formula for the second strain rate invariant is defined as:
[image: image]
In this formula, εφ represents the east-west strain, ελ represents the north-south strain, ελφ represents the shear strain.
Figures 3C, D show the second strain rate invariant derived from the velocity field during 2017–2021 and 2021-2023 respectively. Compared with the results of those two periods, the value of the second strain rate invariant increases somewhat and shifts from the low value region to the transition zone from the high value region to the low value region. The position of Jishishan earthquake in the second strain rate invariant aligns with most magnitude 6 earthquakes in history (Wu et al., 2021; Donglioni et al., 2015).
The differential crustal movements on both sides of the eastern branch of the NLJSF have accumulated energy for the Jishishan earthquake. In order to investigate the characteristics of compression and shear strain accumulation in the focal area of the Jishishan earthquake, the analysis results of the profile across causative fault based on the velocity field results during 2009–2015, 2015-2021 and 2021-2023 are given below (Figure 4). The left and right panels are fault-parallel (extensional positive) and fault-normal (shortening positive) components respectively. From top to bottom are the GNSS velocity filed during 2009–2015, 2015-2021, and 20221-2023, respectively.
[image: Figure 4]FIGURE 4 | GNSS velocity profiles across the eastern branch of the Northern Lajishan fault. The range of profile refers to Figure 2. The left and right panels are fault-parallel (extensional positive) and fault-normal (shortening positive) components respectively. Gray dashed lines denote the locations of major faults on the profiles. From top to bottom are the GNSS velocity fields during 2009–2015, 2015–2021, and 20221-2023, respectively. Fault name abbreviations are as follows: NLJSF, the Northern Lajishan Fault; HF, the Haiyuan Fault.
On the northeast side of the eastern branch of the NLJSF, significant crustal compression and shear deformation are observed. The velocity component parallel to the NLJSF indicates predominant right-lateral shear deformation along the fault. Within 200 km northeast of the fault zone, the right-lateral shear deformation rate decreases from 4.84 mm/a in the 2015–2021 results to 3.15 mm/a in the 2021-2023 results. In addition, the velocity component perpendicular to the fault zone shows that the fault is mainly compressed. The horizontal shortening rate within 100 km of the northeast side of the fault zone is gradually decreasing, from 3.75 mm/a in 2009–2015 to 2.80 mm/a in 2015–2021. However, the deformation rate of the latest 2021–2023 results is 0.32 mm/a, indicating a strong strain accumulation.
3.2 Analysis of GNSS cross-fault baseline time series
Calculating the baseline time series between two stations in a unified reference frame is manageable. Since the variations in baseline length between two GNSS stations are theoretically only influenced by the scale factor of the observation system, the high precision of scale factor determination in the precise solutions of global reference frames greatly benefits baseline time series analysis. The analysis results can objectively and directly reflect the dynamic fluctuations in the relative movement between two GNSS stations, offering a direct method to extract micro-dynamic information on crustal movement. In this paper, a total of 27 baselines were obtained based on the data from 15 continuous stations around the LTB. The GNSS baseline length variations and distributions from 2016 to the earthquake are shown in Figures 5, 6, respectively. Specifically, the four baselines (QHME-GSMA, QHME-GSMX, QHME-GSLX, and QHME-GSDX) connected to the QHME station showed a linear elongation trend prior to the 2022 Menyuan MS6.4 earthquake, with movement rates ranging from 0.54 to 1.27 mm/year. After the earthquake, due to coseismic deformation and post-seismic adjustment, the multiyear average rates calculated for the four baselines indicated a shortening change. However, the study area is still dominated by slow elongation in the NW-trending. Together, the baseline results used in this paper have already removed the impact of the Menyuan earthquake.
[image: Figure 5]FIGURE 5 | GNSS baseline length variation around the Lajishan Tectonic Belt. Positive values represent baseline extension, negative values represent baseline shortening. Color represents the trend of the fault.
[image: Figure 6]FIGURE 6 | GNSS baseline distribution around the Lajishan Tectonic Belt. Deep blue triangles represent continuous GNSS stations, red beachball is the focal mechanism of Jishishan earthquake, black lines are the boundary lines of the blocks, the red line marks the causative fault of this earthquake. The light red lines represent baseline extension, light blue lines represent baseline shortening. The width of a line indicates the rate of extension or shortening, with the wider the line, the faster rate.
Figure 5 clearly shows that the overall baseline around the Jishishan earthquake is shortened in the NE-trending and elongated in the NW-trending. In addition, the NE-trending shortening rate is much greater than the NW-trending elongation rate.
Figure 6 intuitively shows the spatial distribution of GNSS baseline length variations around the epicenter. The light red line indicates baseline extension, and light blue line indicates baseline shortening, and the thickness of the line segment indicates the magnitude of baseline stretching deformation. The same conclusion can be obtained as in Figure 5: the baseline lengthens in the NE direction, and shorts in the NW direction. Furthermore, the baseline extending from northeast to southwest, connected to the same station and with similar lengths, consistently shows higher shortening rates when the baseline is inclined more toward the east direction. For instance, QHMQ-GSJT shortens at 6.48 mm/a compared to QHMQ-GSGL at 5.43 mm/a, QHTR-GSJT at 4.01 mm/a exceeds QHTR-GSGL at 3.19 mm/a and GSMA-GSJT at 2.82 mm/a surpasses GSMA-GSGL at 0.7 mm/a. This result indicates a predominant compression direction may be inclined more toward the east on the NLJSF.
The baselines (XNIN-GSMA, XNIN-GSMX, GSGL-QHMQ, and GSJT-QHTR) across causative fault before the Jishishan earthquake show significant anomalies deviating from the linear trend (Figure 7). The NE-SW spread baselines GSGL-QHMQ and GSJT-QHTR reflect compressions in localized regions under the northward thrust of the Indian plate. Among them, the baseline GSGL-QHMQ across the western segment of the NLJSF while the baseline GSJT-QHTR across the eastern segment of the NLJSF. The baseline GSGL-QHMQ is steadily shortened at a rate of 6.0 mm/a until May 2022. After a phase step, the baseline deviates from the normal steady state linear trend. Then the baseline shortening rate was reduced to 3.78 mm/a. The baseline GSJT-QHTR shortened at a rate of 5.63 mm/a before 2019, then began to show irregular fluctuations. The baseline no longer shows a clear linear shortening trend and the rate is reduced to 2.43 mm/a.
[image: Figure 7]FIGURE 7 | The GNSS baseline time series variations across the Lajishan Tectonic Belt. (A) the GSGL-QHMQ baseline, (B) the GSJT-QHTR baseline, (C) the XNIN-GSMA baseline, (D) the XNIN-GSMX baseline. Blue lines in the insert figures mark the spatial position of the baseline time series, deep blue triangles indicate continuous GNSS stations, red beachball is the focal mechanism of the earthquake, and red line shows the causative fault of the earthquake.
The GSMA station and the GSMX station are located in the Bayan Har block and Longzhong tectonic basin, respectively. However, the XNIN-GSMA and XNIN-GSMX have similar movement trends with a stable extension. The elongation result is consistent with the causative fault’s properties of right-lateral strike-slip. The two baselines extended at a steady rate from 2016 to 2018, then the elongation rate began to slow down in the following 3 years. After 2021, the movement trend of these two baselines flattens. In addition, the phase step change of the baseline on 8 January 2022, is the coseismic deformation caused by the 2022, Menyuan earthquake.
The baseline GSGL-QHMQ, GSJT-QHTR, XNIN-GSMA, and XNIN-GSMX all deviated from the original linear trend before the Jishishan earthquake, indicating a strain accumulation on the NLJSF before the earthquake rupture.
3.3 Analysis of regional strain parameter time series
Continuous observation data from three or more GNSS base stations can reveal strain distribution within the confined area bounded by these stations. The spherical element uniform strain model helps to calculate the time series of each strain parameter (Li et al., 2003b; Jiang et al., 2003). Melchier (1978) and Savage et al. (2001) mentioned the differential expression of spherical displacement and strain, as shown in Formula 1. In the equations, φ is latitude, λ is longitude, and R is the average radius of the earth. The strain rates εφ, ελ, and ελφ can be calculated using Formula 1 for the relation between GNSS strain rate established using the least-squares collocation method. Additional strain rate components are calculated using Formula 2 (Wu et al., 2015). Where ε1 is the principal tensile strain rate, ε2 is the principal compressive strain rate, γmax is the maximum shear strain rate, γ1 is the first shear strain rate, γ2 is the second shear strain rate. Δ is the plane strain rate, and τ2inv is the second strain rate invariant.
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Figure 8 shows the time series of strain parameters derived from data at four reference stations: XNIN, QHTR, GSLZ, and GSGL. Figure 8A shows the time series of principal compressive strain parameter. The average annual compressive strain rate in this region is −2.3 × 10−8/a in the northeast direction. Since 2021, the principal compressive strain rate decreased significantly, and the principal compressive strain parameter curve no longer exhibits a linear trend. Figure 8B shows the time series of surface strain parameter. The average annual surface compression rate is 1.71 × 10−8/a, indicating this region with a compressed background. The surface strain parameter curve and the principal compressive strain parameter curve both show similar trend of change, initially decreasing linearly before slowing down significantly. However, the surface compression rate is lower than the principal compressive strain rate, indicating a NW-trending tension besides the dominant NE-trend compression in the region. The result is consistent with the baseline time series analysis, indicating a compressive strain accumulation in this area before the Jishishan earthquake. Figure 8C shows the variation of the second shear strain parameter, reflecting the E-W and N-S shear deformation. The negative value of the second shear strain rate indicates that the fault is dominated by nearly E-W and nearly N-S right-lateral shear deformation. The Jishishan earthquake occurred on the eastern branch of the NLJSF, which is nearly N-S. Together, the shear strain in this area is mainly right-lateral shear. Figure 8D is the variation of the maximum shear strain parameter. The average annual maximum shear strain is 2.89 × 10−8/a. The linear trend of the maximum shear strain parameter and the second shear strain parameter has deviated since 2021, with the linear trend flattened, indicating a shear strain accumulation in this region before the earthquake.
[image: Figure 8]FIGURE 8 | The time-series of the strain parameters in the epicenter of the Jishishan earthquake. (A) Principal compressive stress component in the region enclosed by stations GSGL-XNIN-QHTR-GSDX, (B) Plane strain components in the region enclosed by stations GSGL-XNIN-QHTR-GSDX, (C) Second shear stress component in the region enclosed by stations GSGL-XNIN-QHTR-GSDX, (D) Maximum shear stress component in the region enclosed by stations GSGL-XNIN-QHTR-GSDX. The blue shaded in the insert figures mark the spatial position of the strain parameters time series, deep blue triangles represent continuous GNSS stations, the red beachball is the focal mechanism of the earthquake, and the red line shows the causative fault of the earthquake.
4 DISCUSSION
4.1 Pre-seismic anomaly
Based on the results of GNSS cross-fault profiles, baseline time series, and regional strain parameter time series, the Jishishan earthquake was a medium intensity event, featuring a slight right-lateral strike-slip component and predominantly thrust motion under the background of regional NE-trending compression. The velocity field results revealed significant differential movement on both sides of the causative fault before the earthquake, providing favorable conditions for energy accumulation leading to the event. The cross-fault velocity profile indicates a deceleration and eventual locking of horizontal shortening movement near the fault zone preceding the earthquake. According to elastic rebound theory, such relative movement along the fault zone accumulated strain energy on and near the fault plane. Additionally, 1.5–3 years before the earthquake, several baseline time series and strain parameter time series show deviations from their original linear trends, manifesting a slowdown or pause in elongation or shortening rates, indicating significant strain accumulation. Similar phenomena have preceded numerous major earthquakes in the past. For instance, a locked state was observed in the velocity profiles of the Longmenshan fault before the 2008 Wenchuan MS8.0 earthquake (Du et al., 2009), multiple baselines deviated from their linear trends before the 2011 Japan MS9.0 earthquake (Zhang et al., 2011), and high strain accumulation was detected in the near field area preceding the 2013 Lushan MS7.0 earthquake (Liu et al., 2015). The collective evidence in this paper suggests a significant accumulation of stress and strain in the area before the earthquake, indicative of high seismic risk.
4.2 Dynamic background of the study area
The GNSS velocity field (Figure 2) shows the motion status of the eastern Tibetan Plateau, revealing a predominant horizontal advancement towards the northeast. The motion rate in the western region notably exceeds that in the east. Upon comparing velocity field data during 2017–2021 and 2021–2023, a northward deflection in horizontal movement was observed in the area, particularly pronounced in the Qilian-Qaidam active block. This observation may be linked to the intensified northward movement of the Qinghai-Xizang Plateau (Zheng et al., 2017; Wang and Shen, 2020).
The similar regularity observed in three sets of baselines-QHMQ-GSJT and QHMQ-GSGL, QHTR-GSJT and QHTR-GSGL, as well as GSMA-GSJT and GSMA-GSGL—where baselines of similar length, connected to the same stations, and inclined more towards the east direction, demonstrate higher rates of shortening. This regularity suggests a compression direction in the region oriented NEE. However, since aside from the shared station, the other two stations linked to each set of baselines are the GSJT station and the GSGL station, thus the possibility of systematic differences stemming from variations in the two individual stations cannot be excluded. To ensure the reliability of the findings, it is imperative to conduct a single station time series analysis as well (Figure 9). The three components (N-trending movement, E-trending movement, and Uplift movement) of the GSJT and GSGL stations have maintained relatively consistent linear trends over many years. Specifically, the northward components of the two stations exhibited a reversal in motion approximately 6 months before the Jishishan earthquake. However, the magnitude of this anomaly was not sufficient to significantly affect the multiyear average motion rates of the baselines. Therefore, this conclusion from the two stations is reasonable and reliable. The shortening rate of baseline QHMD-GSJT (direction N65°E) is notably significant. In general, its direction should be the dominant direction of regional compression. However, due to the location of the QHMD station, the shortening rate of baseline QHMD-GSJT must include the coseismic deformation and post-seismic adjustments following the 2021 Madou MS7.4 earthquake. Thus, the shortening rate of baseline QHMD-GSJT is exaggerated, and the direction is also suspect. It is concluded that the primary compression direction in the study area is NEE trending.
[image: Figure 9]FIGURE 9 | GNSS continuous station time series, from left panels to right panels are GSJT, GSGL and QHMD components respectively, from top to bottom are the N-trending movement component, E-trending movement component and uplift movement component respectively.
Under the background of the stronger northward thrust of the Qinghai–Xizang Plateau, the continuous deformation transmitted to the Qilian-Qaidam active block is more intense. The compression in the NEE direction, the rotation and extrusion of the Xining block within the study area, and the structural transition between the NNW-trending Riyueshan fault and the NWW-trending West Qinling fault contribute to a more complex regional tectonic pattern. However, this pattern also creates favorable conditions for seismic activity.
5 CONCLUSION
Through the analysis of the GNSS deformation field and GNSS continuous observation data before the Jishishan earthquake, the following understandings can be obtained:
(1) GNSS velocity field data show obvious different movements on both sides of the causative fault before the Jishishan earthquake, coupled with a notable level of strain accumulation. Furthermore, the cross-fault profile reveals nearly complete locking of the fault preceding the earthquake, fostering conditions conducive to seismic activity and indicating an overall heightened earthquake risk.
(2) GNSS baseline time series results show the predominant NEE-trending compression in the region. Approximately 1–1.5 years preceding the earthquake, several baselines began to deviate from the original linear trend, manifested as a slowdown or pause in elongation or shortening rates, showing strong strain accumulation, indicating the gradual enhancement of earthquake risk.
(3) The strain parameter time series results show prevalent compression deformation in the region, characterized by a high background strain accumulation rate, predominantly oriented towards NEE compression. Additionally, shear deformation near the fault zone is primarily characterized by right-lateral shear deformation in the nearly N-S direction, accompanied by shear strain accumulation.
Considering the structural background of the region and our research results, the Jishishan earthquake may represent the maximum seismogenic potential of the Northern Lajishan fault. The LTB area is a tectonic transition region. This unique position facilitates the accumulation and dissipation of stress, leading to a higher frequency of small earthquakes and a lower occurrence of large seismic events in the region. Based on this characteristic, the MS 6.2 earthquake was more severe than expected. Our findings indicate that the region started accumulating energy 1–1.5 years prior to the earthquake. This energy accumulation was not sufficiently relieved through smaller seismic activities, ultimately culminating in a more significant seismic event.
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