[image: image1]Acceleration of Deep Slip Along the Longmenshan Fault Plane Before the 2008 M8.0 Wenchuan Earthquake

		ORIGINAL RESEARCH
published: 24 March 2022
doi: 10.3389/feart.2022.830317


[image: image2]
Acceleration of Deep Slip Along the Longmenshan Fault Plane Before the 2008 M8.0 Wenchuan Earthquake
Jing Zhao1,2, Zhengyi Yuan1, Jinwei Ren3, Zaisen Jiang3, Qi Yao3, Zhihua Zhou1, Chong Yue1, Jun Zhong1 and Anfu Niu1*
1China Earthquake Networks Center, Beijing, China
2Institute of Geology, China Earthquake Administration, Beijing, China
3Institute of Earthquake Forecasting, China Earthquake Administration, Beijing, China
Edited by:
Giovanni Martinelli, National Institute of Geophysics and Volcanology, Italy
Reviewed by:
Mattia Crespi, Geodesy and Geomatics Division—DICEA Sapienza University of Rome, Italy
Alexis Rigo, UMR8538 Laboratoire de géologie de l’Ecole Normale Supérieure (LG-ENS), France
Vladimir Kostoglodov, National Autonomous University of Mexico, Mexico
* Correspondence: Anfu Niu, Nafcsb2004@seis.ac.cn
Specialty section: This article was submitted to Solid Earth Geophysics, a section of the journal Frontiers in Earth Science
Received: 07 December 2021
Accepted: 21 February 2022
Published: 24 March 2022
Citation: Zhao J, Yuan Z, Ren J, Jiang Z, Yao Q, Zhou Z, Yue C, Zhong J and Niu A (2022) Acceleration of Deep Slip Along the Longmenshan Fault Plane Before the 2008 M8.0 Wenchuan Earthquake. Front. Earth Sci. 10:830317. doi: 10.3389/feart.2022.830317

The first step toward earthquake forecasting is the identification of variables whose spatio-temporal variation can be connected with pre-seismic crustal deformation. Four periods of campaign Global Positioning System (GPS) observations around the Longmenshan fault zone (LFZ) provide important insights in crustal deformation and deep fault slip before the 2008 M8.0 Wenchuan earthquake. By using TDEFNODE to invert the coupling fraction and dynamic slip deficit rate of the Longmenshan fault plane before the Wenchuan earthquake, we show that under a background of strong coupling, the compressive slip deficit rate perpendicular to fault increased slightly at first and then decreased; a value of ∼1.5–3.6 mm/a along the central–southern segment from 1999 to 2001 increased to ∼1.9–3.9 mm/a from 2001 to 2004, and then decreased to ∼1.1–2.6 mm/a from 2004 to 2007. The dextral slip deficit rate parallel to fault was ∼6 mm/a from 1999 to 2004, before increasing significantly to ∼9.5 mm/a from 2004 to 2007, when the compressive slip deficit rate decreased. At the same time, large-scale GPS velocity profiles show that compressive shortening deformation in the Eastern Tibet Block, perpendicular to fault, increased slightly from 2001 to 2004, and then decreased from 2004 to 2007. Meanwhile, the dextral shear deformation parallel to fault near the LFZ increased significantly from 2004 to 2007. These findings are in good agreement with those calculated using repeating earthquake sequences, indicating that the deep slip rate of the Longmenshan fault plane may have accelerated several years before the Wenchuan earthquake. Our results demonstrate that GPS data can record pre-seismic preparatory processes, and have the potential for use in medium-term large earthquake forecasting.
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INTRODUCTION
The 2008 M8.0 Wenchuan earthquake occurred on the listric Longmenshan fault zone (LFZ) at the boundary between the Eastern Tibet Block and South China Block. Retrospective studies into anomalies that occurred before the Wenchuan earthquake have improved our understanding of large continental thrust earthquakes. In particular, estimations of stress and strain variation from geophysical observations have revealed pre-seismic preparatory processes. Li et al. (2011) investigated deep slip rate along the ruptured Longmenshan fault plane using repeating earthquake data. The measured in situ deep slip rate varied from 3.5 to 9.6 mm/a for a depth range of 4–18 km, and appeared to increase with depth. Repeating earthquake data from around the world show that the acceleration of the deep slip rate can occur on different time scales before large earthquakes (Kato et al., 2016; Uchida et al., 2016). Using repeating earthquake data, Chen and Li (2018) found that the Hongkou–Wenchuan and Beichuan segments of the LFZ began to show signs of deep slip acceleration to varying degrees in around 2006. Using Global Positioning System (GPS) velocity fields during 1999–2004 and 2004–2007, Jiang et al. (2009) generated profiles across the LFZ, which showed that dextral shear deformation parallel to the LFZ along a span of 500 km to the west side of the LFZ increased during 2004–2007 compared with that during 1999–2004; Zou et al. (2015) also considered that the northeastward movement of the Eastern Tibet Block accelerated relative to the South China block during 2004–2007, which increased the dextral shear deformation of the LFZ. However, these results only relate to surface velocity; as such, there is a need to obtain the acceleration of the deep slip rate via inversion methods using GPS velocity fields.
Pre-seismic preparatory processes are closely related to the coupling fraction and slip deficit rate of the seismogenic fault. The distribution characteristics of the coupling fraction are important basis for assessing the background of seismic risk (Moreno et al., 2010; Loveless and Meade, 2011). Generally, during the seismogenic stage, the coupling fraction of the seismogenic fault will increase before gradually stabilizing (Savage and Prescott, 1978; Meade and Hager, 2005). GPS observations have resulted in an enormous quantity of data that have substantially increased our capacity to investigate earthquake-related processes. Based on GPS velocity fields, the coupling fraction of a fault plane can be obtained by negative dislocation inversion. Spatio-temporal variation of the fault slip deficit rate obtained by inversion can be used to calculate the rate of fault strain energy accumulation (McCaffrey et al., 2013; Li et al., 2021). When the seismogenic fault is strongly coupled, the acceleration of deep slip along the fault plane is an important index to judge the urgency of seismic risk (Kato and Nakagawa, 2014; Uchida et al., 2016; Chen and Li, 2018). By constructing a three-dimensional multi-fault model of the LFZ and its surrounding faults, we used the GPS velocity fields of 1999–2001, 2001–2004, 2004–2007, and 1999–2007 to invert the spatio-temporal evolution distribution of coupling fraction and slip deficit rate of the Longmenshan fault plane before the 2008 M8.0 Wenchuan earthquake using the TDEFNODE negative dislocation method (McCaffrey, 2002; McCaffrey, 2009). Variation in the deep slip rates before the earthquake were analyzed; moreover, based on GPS velocity profiles across the LFZ, the evolution of large-scale surface deformation before the earthquake was analyzed according to velocity components perpendicular and parallel to the LFZ. Finally, the dynamic deep–shallow deformation characteristics of the LFZ before the earthquake were comprehensively analyzed based on the deep inversion and surface profile results.
DATA AND METHODOLOGY
GPS Velocities
We performed inversions of four periods of GPS velocity fields: 1999–2001 (160 stations), 2001–2004 (153 stations), 2004–2007 (169 stations), and 1999–2007 (203 stations), with the latter set as the background result, and the first three as dynamic results (Figure 1). The GPS velocity fields were processed using the GAMIT/GLOBK software (Herring et al., 2006), and the computation refers to Wang (2009). The magnitudes of the GPS velocities depend on the reference frame. In this study, in order to observe the relative movement of different blocks more obviously, we have made the GPS velocities be with respect to the South China Block, which causes the GPS velocities to be much smaller than that in the International Terrestrial Reference Frame (ITRF). The gray ellipses represent the errors of GPS velocity fields. The eastern and northern median errors of the GPS velocity fields are 1.3 mm/a and 1.1 mm/a in 1999–2001, 2.0 mm/a and 2.0 mm/a in 2001–2004, 1.4 mm/a and 1.4 mm/a in 2004–2007, and 1.1 mm/a and 1.1 mm/a in 1999–2007.
[image: Figure 1]FIGURE 1 | Global Positioning System (GPS) velocity fields of the study region with respect to the South China Block during 1999–2001, 2001–2004, 2004–2007, and 1999–2007. The gray ellipses represent the errors of GPS velocity fields, and error ellipses represent 70% confidence. The insert map shows the regional position of study area. The focal mechanism of the Wenchuan earthquake is derived from Global CMT Web Page (https://www.globalcmt.org/CMTsearch.html).
The results of four periods of GPS velocity fields show that, compared with the South China Block, stations in the Eastern Tibet Block exhibited obvious northeastward movement; moreover, the velocity field of 2004–2007 also showed increase northeastward movement. These results indicate deformation across the LFZ was dominated by dextral shear with a certain amount of compressive shortening, and dextral shear increased from 2004 to 2007. At the same time, from northwest to southeast, the velocities of GPS stations in the Eastern Tibet Block gradually decreased, while the velocities of those in the LFZ were gradually close to that of stations in the South China Block. Compared with the South China Block, stations in the Sichuan–Yunnan Block exhibited significant clockwise rotation, indicating left-lateral strike-slip motion dominates the Xianshuihe–Anninghe–Zemuhe–Xiaojiang fault zones, while tensile and compressive motions are relatively weak.
Methodology
Fault locking theory assumes that the movement of GPS stations inside a block includes the block rotation, permanent strain inside the block, and surface elastic deformation at block boundaries due to fault coupling. The principle is as follows:
[image: image]
where X is the position of the GPS station, B is the number of blocks, [image: image] is the subset of the model domain within block b (H = 1 if the point X is contained within block b, H = 0 otherwise), [image: image] is the Euler pole of block b relative to the reference frame, i is the unit vector in i direction (x or y), [image: image] is the uniform strain rate inside the block, F is the number of faults, Nk is the number of nodes defining fault k, Xnk is the position of node n on fault k, [image: image] is the coupling fraction at node n on fault k, [image: image] is the Euler pole of the footwall block f of fault relative to the hangingwall block h, m is the unit vector in m direction on fault plane (downdip or along strike), and [image: image] is the response function giving the i component of velocity at surface station X due to a unit slip velocity along fault plane at node Xnk in the m direction (Savage et al., 2001; McCaffrey, 2002; McCaffrey, 2009; Zhao et al., 2013; Zhao et al., 2021). [image: image] is the input GPS velocity fields in i direction; [image: image] represents the velocity caused by block rotation, [image: image] represents the velocity caused by uniform strain inside the block, and [image: image] represents the velocity caused by fault coupling. The unitless coupling fraction [image: image] is a purely kinematic quantity. When it equals 0, the fault is fully creeping at a long-term slip rate; when it equals 1, the fault is completely coupled and accumulating strain to be released during transient slip events (Thomas et al., 2014); when it is between 0 and 1, the fault is partly coupled (McCaffrey et al., 2007).
Based on the theoretical model of fault locking, TDEFNODE is a Fortran-based program to model elastic lithospheric block movement and deformation using data such as GPS and InSAR velocity fields (https://robmccaffrey.github.io/TDEFNODE/manual/tdefnode_manual.html#cite). Block motions are specified by Euler rotation poles and interseismic backslip is applied along fault planes that separate blocks (McCaffrey, 2002; McCaffrey, 2009), based on the routines of Okada (1985), Okada (1992). The Euler rotation poles, permanent strain inside blocks, and spatial distribution of coupling fraction and slip rate on fault planes are estimated by simulated annealing and grid search. When building the three-dimensional model, faults are specified by longitude-latitude-depth coordinates of nodes along the fault planes. The coupling fraction and fault slip rate at each node are estimated by TDEFNODE; we then divided the fault plane between fault nodes into smaller patches (4 km along strike by 1 km downdip) and used bilinear interpolation to obtain smooth distribution results. The slip deficit rate of fault plane between two blocks is the product of the coupling fraction and the fault slip rate (McCaffrey, 2002; McCaffrey et al., 2007; Zhao et al., 2020).
During the inversion, the value of the uncertainty scaling factor f was applied to the four-stage GPS velocity fields. The inversion estimates the parameters that minimize the reduced chi-squared statistic:
[image: image]
where ri is the residual, [image: image] is the error of GPS velocity, and dof is the degrees of freedom (McCaffrey, 2002; Zhao et al., 2020; Zhao et al., 2021).
Three-Dimensional Model
The crust of the Qinghai-Tibet Plateau migrates eastward and is blocked by the Sichuan Basin (Huang et al., 2021). The high-elevation LFZ is formed at the junction of the two blocks (Figures 1, 2A), resulting in a huge difference in crustal thickness on either side. Referring to the boundaries of active block (Deng et al., 2003), our three-dimensional model included the Longmenshan, Xianshuihe, and Anninghe–Zemuhe–Xiaojiang fault zones, which divide the study area into the Sichuan–Yunnan Block, Eastern Tibet Block, and South China Block (Figure 1). As the area surrounded by the Xianshuihe, Anninghe–Zemuhe–Xiaojiang, Jinshajiang, and Honghe fault zones shares similar movement and deformation characteristics, we regarded it as one block (Gan et al., 2007; Thatcher, 2007). The Eastern Tibet Block is enclosed by the Xianshuihe, Longmenshan, and East Kunlun fault zones (Meade, 2007; Hao et al., 2014).
[image: Figure 2]FIGURE 2 | (A) Topographic map of the area around the Longmenshan fault zone (LFZ) and (B) spatial distribution of the coupling fraction during 1999–2007. The thin black lines in (A) denote the faults, and the thick red line denotes the surface trace of the LFZ. The black star in (B) denotes the Wenchuan earthquake source location (Liu et al., 2008).
According to results of previous studies (Weimin Wang et al., 2008; Wang et al., 2011; Zhang et al., 2008; Zhu, 2008; Du et al., 2009; Xu et al., 2009), the Longmenshan fault plane is a listric structure. The total length of the fault plane is 479 km and the total width is 78 km (Figure 2B). We adopted seven depth contours along strike at 0.1, 6, 12, 15, 18, 20, and 22.5 km; the dip angles between the contours were set to 55°, 50°, 20°, 10°, 7°, and 7° from the surface to the bottom of the fault plane (Zhao et al., 2020).
RESULTS
Coupling Fraction
By gradually changing the uncertainty scaling factor f, we identified the f value needed for the optimal solution, of which [image: image] ≈ 1. After multiple trials, f during 1999–2007 was set to 2.5 and [image: image] = 1.017. We then fixed f for the other three periods. Subsequently, the inversion for 1999–2001 included 160 stations and [image: image] = 0.859; the inversion for 2001–2004 included 153 stations and [image: image] = 0.276 (partly because of the larger errors as described above); and the inversion for 2004–2007 included 169 stations and [image: image] = 0.558.
The coupling fraction of the optimal model from 1999 to 2007 (Figure 2B) shows that most of the Longmenshan fault plane was strongly coupled along both the strike and dip directions. Only the focal location of the Wenchuan earthquake was partly coupled with coupling fraction of ∼0.88. The only creeping section is a southwestern segment of ∼20 km wide and 12–22.5 km deep (Zhao et al., 2018).
Fault-Normal and Fault-Parallel Slip Deficit Rates
Using the GPS velocity fields of 1999–2001, 2001–2004, and 2004–2007, the coupling fraction of each period was fixed as the background value of 1999–2007 (Figure 2B); then, only the fault-normal and fault-parallel slip deficit rates of the fault plane were inverted to obtain the spatio-temporal evolution process.
Under the strong coupling of the Longmenshan fault plane, the fault-normal compressive deficit rates of the three periods showed an obvious decreasing trend from southwest to northeast, indicating the southwestern segment of the LFZ was subjected to the strongest compression before the Wenchuan earthquake, and compression weakened northeastward. On a temporal scale, the slip deficit rate of the central–southern segment was ∼1.5–3.6 mm/a from 1999 to 2001, before increasing slightly to ∼1.9–3.9 mm/a from 2001 to 2004. Then, from 2004 to 2007, it significantly decreased to ∼1.1–2.6 mm/a (Figure 3). The fault-normal compressive deficit rates in the northeastern segment of the fault plane were small during all three periods, indicating this segment was dominated by strike-slip movement.
[image: Figure 3]FIGURE 3 | Spatial distribution of fault-normal slip deficit rates during (A) 1999–2001, (B) 2001–2004, and (C) 2004–2007 along the Longmenshan fault plane. The black star denotes the Wenchuan earthquake source location.
The fault-parallel dextral deficit rates in three periods were uniformly distributed along the whole fault plane, with weak variations along strike and dip directions. Only the creeping area of the southwestern segment had a slip deficit of 0 mm/a. In terms of temporal evolution, the fault-parallel dextral deficit rate was ∼6 mm/a during 1999–2001 and 2001–2004, after which it increased rapidly to ∼9.5 mm/a from 2004 to 2007 (Figure 4).
[image: Figure 4]FIGURE 4 | Spatial distribution of fault-parallel slip deficit rates during (A) 1999–2001, (B) 2001–2004, and (C) 2004–2007 along the Longmenshan fault plane. The black star denotes the Wenchuan earthquake source location.
The dynamic results of the fault-normal and fault-parallel slip deficit rates during the three periods show that taking the values of 1999–2001 as a baseline, the fault-normal slip deficit rate began to increase slightly from 2001 to 2004, while the fault-parallel slip deficit rate did not change. Subsequently, from 2004 to 2007, the fault-normal slip deficit rate decreased significantly, while the fault-parallel slip deficit rate increased rapidly. This suggests that the accumulation of fault-normal compressive strain energy during 2004–2007 was limited, but that there was rapid accumulation of fault-parallel dextral shear strain energy.
Velocity Profiles
To further analyze the surface continuous deformation characteristics on both sides of the LFZ, a 650 km long velocity profile across the LFZ (Figure 1) was constructed from the three periods of GPS velocity fields; then, dynamic velocity projection results both perpendicular and parallel to the LFZ were obtained (Figure 5).
[image: Figure 5]FIGURE 5 | Global Positioning System (GPS) velocity profiles across the Longmenshan fault zone (LFZ) during (A) 1999–2001, (B) 2001–2004, and (C) 2004–2007. The topographic profiles are in each figure. The red lines and the blue lines are linear fitting results of the dextral shear rates and compressive shortening rates in the Eastern Tibet Block with one standard deviation, respectively.
The results show that internal deformation of the South China Block and the LFZ were weak before the earthquake. Large scale uniform deformation occurred within the Eastern Tibet Block, and the dextral shear deformation parallel to the LFZ was higher than the compressive shortening deformation perpendicular to the LFZ. A linear model was used to calculate the dextral shear rates and compressive shortening rates over a 357 km span of the Eastern Tibet Block, on the western side of the LFZ. The results for 1999–2001 (Figure 5A) show that the compressive shortening rate was ∼1.28 mm/a, equivalent to strain rate of 0.36 × 10−8/a, and the dextral shear rate was ∼9.57 mm/a, equivalent to strain rate of 2.68 × 10−8/a. The results for 2001–2004 (Figure 5B) show compressive shortening rate of ∼2.58 mm/a, equivalent to strain rate of 0.72 × 10−8/a, and dextral shear rate of ∼9.72 mm/a, equivalent to strain rate of 2.72 × 10−8/a. The results for 2004–2007 (Figure 5C) show compressive shortening rate of ∼1.31 mm/a, equivalent to strain rate of 0.37 × 10−8/a, and dextral shear rate of ∼9.32 mm/a, equivalent to strain rate of 2.61 × 10−8/a.
Comparison of the three periods shows that compressive shortening strain did not change significantly near the LFZ and was essentially distributed horizontally. Meanwhile, GPS stations inside the Eastern Tibet Block recorded significantly increase of crustal shortening strain from 2001 to 2004, followed by weakening from 2004 to 2007. This is broadly consistent with the result that the fault-normal compressive deficit rate increased at first and then decreased. Although the dextral shear strain inside the Eastern Tibet Block did not increase during 2004–2007, the dextral shear rate near the LFZ was significantly enhanced. Within a range of ∼100 km to the west of the LFZ, northeastward shear during the first two periods was essentially 0, while it increased obviously during 2004–2007 (Jiang et al., 2009). This may indicate that the dextral movement of the whole Eastern Tibet Block increased from 2004 to 2007, and under the background of fault strong coupling, the dextral shear deformation of part of the South China Block near the LFZ also increased (Figure 5C). This is consistent with the result of the rapidly increase of fault-parallel dextral deficit rate from 2004 to 2007.
DISCUSSION
Acceleration Process of Deep Slip Along the Longmenshan Fault Plane
Interseismic surface horizontal slip rates of the LFZ inferred from GPS (Shen et al., 2005; Gan et al., 2007; YanZhao Wang et al., 2008) and geological data (Ma et al., 2005; Zhou et al., 2006) before the 2008 M8.0 Wenchuan earthquake are very slow (<2–3 mm/a; Zhang et al., 2010). However, the low slip rate observed at the surface may not reflect the state of accumulated strain at depth, where the devastating Wenchuan earthquake nucleated (Chen and Li, 2018). The deep rate (6–9.5 mm/a) derived in this study from the inversion of GPS velocities is two to three times higher than the above GPS and geological rates, but similar to the slip rate estimated over a depth range of 4–18 km using repeating earthquakes (3.5–9.6 mm/a; Li et al., 2011). At the same time, Zhao et al. (2008) calculated the accumulated Benioff strain using the earthquake catalogue, while Chen et al. (2015) conducted a two-dimensional viscoelastic finite-element simulation; both showed that the deep slip rate along the Longmenshan fault plane is higher than the shallow near-surface slip rate.
Chen and Li (2018) analyzed 10 repeating earthquake sequences detected in the central and northern segments of the LFZ (Figure 6), and found that the S06 and S07 sequences at 14–16 km depth near Hongkou–Wenchuan (Figure 6C) and the S10–12 sequences at 4.3–9.5 km depth near Beichuan (Figure 6E) exhibited different degrees of medium-term slip acceleration in around 2006. This is consistent with our results, in which the dextral slip deficit rate increased rapidly to ∼9.5 mm/a from 2004 to 2007. Both indicate that the deep slip rate of the Longmenshan fault plane may have accelerated before the Wenchuan earthquake. This may reflect a deformation response to a high stress state caused by increased tectonic loading of the Eastern Tibet Block before the Wenchuan earthquake; that is, lateral shear deformation increased in the northeastern direction after the accumulation of thrust elastic strain reached its limit in the seismogenic region. At the same time, the slip variation may not be a dominant factor until the long-term elastic strain accumulation on the fault reaches a sufficient level to be released in one large earthquake.
[image: Figure 6]FIGURE 6 | Estimated slip rates shown together with (A) coseismic slip inverted from teleseismic waveform data and (B) coseismic slip inverted from geodetic data. (C–E) Cumulative slip calculated from the 10 repeating earthquake sequences in the Longmenshan fault zone (LFZ). The sizes of the crosses in (A) and (B) are proportional to the slip rate (Li et al., 2011; Chen and Li, 2018).
Regional Pre-Seismic Deformation Does Not Correspond to Coseismic Displacement
The elastic strain released by a large earthquake is accumulated for a long time before the earthquake. Therefore, the inter-seismic deformation field and coseismic deformation field should exhibit reverse and complementary magnitudes (Jiang et al., 2009; Wu et al., 2015). Based on our analysis, before the Wenchuan earthquake, the thrust component of the central and southwestern segments of the LFZ was large, while that of the northeastern segment, which is mainly strike-slip, was small. This is consistent with the basic characteristics of field measurement of the Wenchuan earthquake, which was dominated by a thrust rupture at the focal location with the strike-slip component becoming larger northeastward (He et al., 2011), until it became a fully strike-slip rupture (Xu et al., 2009; Wang et al., 2011). However, before the Wenchuan earthquake, the relative movement and deformation of the regional crust did not correspond to the coseismic displacement field in terms of magnitude. The coseismic displacement field showed that compressive strain release consistent with elastic rebound also occurred in the Sichuan Basin, to the east of the LFZ (Jiang et al., 2009; Wang et al., 2011; Wu et al., 2015), while no compressive strain accumulation was observed in the three periods before the earthquake (Figure 5). The coseismic displacement field mainly shows compressive strain release on both sides of the rupture zone (Jiang et al., 2009; Wang et al., 2011; Wu et al., 2015), while large scale deformation of the Eastern Tibet Block was mainly dextral shear deformation before the earthquake (Figure 5).
This mismatch may be due to the long process of strain accumulation before large earthquakes. Immediately prior to the Wenchuan earthquake, the seismogenic area near the LFZ was at a stalemate, with significant deformation restricted after elastic compressive deformation of the crust reached its limit. In other words, the crustal deformation of strain accumulation corresponding to the strain release displayed in the coseismic displacement had occurred earlier, but was not observed completely because the GPS observation time was too short. This indicates that multi-year observations before earthquakes cannot fully represent inter-seismic processes. At the same time, it highlights the need for encompassing longer timescales when investigating seismogenic deformation fields before large earthquakes (Jiang et al., 2009).
CONCLUSION
In this study, we used four periods of GPS velocity fields to analyze the spatio-temporal dynamics of deep slip rate and surface deformation in the LFZ before the 2008 M8.0 Wenchuan earthquake. Before the earthquake, the Longmenshan fault plane was strongly coupled. The fault-normal slip deficit rate increased from 2001 to 2004, and then decreased from 2004 to 2007; meanwhile, the fault-parallel slip deficit rate increased substantially during 2004–2007, indicating that the deep slip rate of the fault plane may have accelerated. GPS velocity profiles confirm this phenomenon, which may indicate that thrust elastic strain in the seismogenic region of the Wenchuan earthquake struggled to accumulate after reaching the limit and was more conducive to dextral shear deformation under the enhancement background of large-scale NE-trending crustal movement. The results of this study have important implications for medium-term forecasting of large continental thrust earthquakes, which may require observations over long timescales.
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