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Abstract

:

The spatiotemporal deformation response of a seismogenic fault to a large earthquake is of great significance to understanding the nucleation and occurrence of the next strong earthquake. The Longmeshan fault, where the 2008 Wenchuan MS 8.0 earthquake and 2013 Lushan MS 7.0 earthquake occurred, provides an opportunity for us to study this important issue. Based on the GPS observations, we exploit the deformation response of the Southern Segment of the Longmenshan Fault (SSLMF) to the Wenchuan earthquake. The results are as follows: (1) during the co-seismic and post-seismic processes of the Wenchuan earthquake, the deformation is dominated by a continuous pattern in the SSLMF, which is different from the rupture pattern in the middle-northern segment of the Longmenshan Fault (LMF). Quantitatively, the compressive strain present between 2008 and 2013 was equal to the strain accumulation of 69 years during the interseismic period in the SSLMF. If the statistics scope is restricted to the eastern region of the Anxian-Guanxian Fault (AGF), which covers the Lushan source area (Abbr.: Eastern Region), the value is about 25 years; (2) After the Wenchuan earthquake, the strain accumulation pattern changes significantly. First, the deformation adjustment (especially the shear deformation) in the region that crosses the Maoxian-Wenchuan Fault (MWF) and Beichuan-Yingxiu Fault (BYF) (Abbr.: Western Region) is significantly greater than that in the Eastern Region. Furthermore, the crustal shortening is significant in the Eastern Region with minor adjustments in shear deformation. Second, the azimuth angles of the principal compressive strain rate in both regions show significant adjustments, which change fast in the first year of the observation period and then turn into the stable state. In general, the deformation responses of the SSLMF reveal that the Wenchuan earthquake promotes the occurrence of the Lushan earthquake. Their differences in the spatiotemporal domain can be attributed to the influence of afterslip, viscous relaxation of the lithosphere, mechanical parameters and block movement.
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1. Introduction


The ongoing collision of the Indian and Asian plates dominates the tectonics of South and East Asia [1] and causes intense seismicity on the margins of the Tibetan Plateau [2]. The MS 8.0 Wenchuan earthquake that occurred on the Longmenshan Fault (LMF) is one of the most devastating intraplate earthquakes in recent years. The LMF zone located at the boundary between the Sichuan Basin and the Baryan Har block, where records a complicated history of intense tectonism [3,4]. The LMF zone is mainly composed of 3 branches, which are the Maoxian-Wenchuan Fault (MWF), the Beichuan-Yingxiu Fault (BYF), and the Anxian-Guanxian Fault (AGF) from northwest to southeast. Well-constrained studies of active faults indicate that the slip rates averaged over tens of millennia are around 2 mm/year or less [5,6], consistent with decadal GPS observations [7,8,9]. Meanwhile, the interseismic strain accumulation and fault slip of the LMF were slow before this event [10,11]. The co-seismic rupture of Wenchuan earthquake is characterized by reverse thrusting along with dextral slip, mainly located in the central and northern section of the BYF [12,13,14,15,16].



In general, large earthquakes can modulate the crustal deformation, stress field, and stress accumulation of the fault zone in the surrounding areas [17,18], which will further promote or delay the occurrence of the next earthquakes. In order to research this question, the analysis of Coulomb stress change is an important method. For the correlation between the Wenchuan earthquake and the Lushan earthquake that occurred in the SSLMF, some groups suggest that Coulomb stress increases by about 5–15 kPa for the SSLMF [19,20,21,22,23,24], while near the epicenter of Lushan earthquake, it increases by about 0.9 kPa. Besides, the geodesy surveying can play an important role in the study of this important issue as it can describe the dynamic deformation process in detail and can provide powerful data sets for constraining models. Furthermore, the geodesy survey covering the seismogenic fault of the next strong earthquake, such as the GPS survey of the SSLMF, is meaningful for understanding the earthquake process by describing the redistribution of strain, identifying the detailed deformation of fault, and revealing the distinct deformation feature in the earthquake source. In this paper, the GPS campaign and continuous data are processed to get the movement results under a unified reference frame firstly, and then the spatiotemporal deformation responses of SSLMF to the Wenchuan earthquake are analyzed.




2. Deformation Response to the Co-Seismic Process


2.1. GPS Campaign Data


In order to get the interseismic crustal movement data of the LMF, we collected observation data from 100 campaign GPS stations that were observed from 1999 to 2007 (in 1999, 2001, 2004, and 2007) from the Crustal Movement Observation Network of China (CMONC), 15 continuous GPS stations from the CMONC, and 77 International GNSS Service (IGS) stations from http://garner.ucsd.edu/pub firstly. Secondly, the observation data for a given day were combined to produce daily solutions for loosely constrained station coordinates and satellite orbits using the release 10.40 of GAMIT software [25]. Lastly, the station coordinates and velocity were estimated using the above daily solutions in the International Terrestrial Reference Frame 2008 (ITRF2008 reference) with the GLOBK software [26,27]; see Wu et al. (2015) [28] for some more detail about the solving strategy. In Figure 1a, the interseismic velocity is presented, and Figure 1b shows the co-seismic displacement of the Wenchuan earthquake [15].




2.2. GPS Profile Analysis


Figure 2 presents the GPS profile results to quantitatively investigate the co-seismic deformation of the LMF. During the period from 1999 to 2007, the spatial resolution of GPS stations is low, and the interseismic deformation of the LMF can be described by a unified pattern, so the spatial extent of profile 1 is larger than the others. In detail, the region of the profle1 extends by about 460 × 190 km, which contains 20 GPS stations. While the regions of profile2 and profile3 extend by about 460 × 70 km and 450 × 100 km, covering 32 and 104 stations, respectively. Figure 2a illustrates that slow compressive strain accumulates in the LMF before the Wenchuan earthquake, the crustal shortening rate is about −2.0 mm/year at a 50 km distance on both sides of MWF-AGF (−80~50 km), which the strain rate is about −1.5 × 10−8/year and the value is consistent with previous research results [5,30,31,32,33,34,35]. Figure 2b shows that co-seismic rupture occurs in the middle segment of the LMF, with tensile strain releasing in both the hanging and footwall. For Figure 2c, the continuous deformation feature dominates in the SSLMF, which is different from Figure 2b. In detail, about a −87.7 mm crustal shortening is distributed at a 50 km distance from both sides of MWF-AGF (−80 km~50 km), and the fast loading value within −50km~0 km is −71.8 mm, which is about 81.9% of the total deformation. Comparing with the deformation described in Figure 2a, the crustal shortening of −87.7 mm in the co-seismic process is equal to the strain accumulation of 44 years during the interseismic period. On the other hand, related studies reveal that the seismogenic fault of the Lushan earthquake is located at about 10 km southeast of the AGF [36,37,38]. If the statistical scope is restricted to the region of 50 km in the east of the AGF, the ratio is about 15.





3. Dynamic Deformation Response to the Post-Seismic Process


Based on the deformation response to the co-seismic process, Figure 3 presents the deformation pattern in the SSLMF. For this region, our team has set up 8 GPS continuous stations (Figure 3), and the observations started from 2008.7 year. These stations cover three principal faults (that is, MWF, BYF, and AGF) of the SSLMF, and their surveying data are significant to research the deformation response conducted by the Wenchuan earthquake. In particular, the stations (that is, LS04, LS05, LS06, and LS07) are distributed in a linear pattern across the SSLMF, making it possible to identify the fault deformation differences.



3.1. GPS Time-series


From 2008.7 to 2013.3 year, the GPS surveying data accumulated about 4.5 years’ data. Using the same solving strategy of GPS campaign data presented in Figure 1a, we get the coordinate time-series of these 8 stations. Then, Formula (1) is introduced to exclude the effects of the jump, annual cycle, and semi-annual cycle [39,40]. The figures of these 8 time-series can be found in the Supplement File. The data quality of these 8 stations is very good, in which the efficiency of most stations is greater than 85%, and their multipath effect parameters (that is, MP1 and MP2) are less than 0.5, and their data continuity ratios are higher than 95%. Meanwhile, the time series has less dispersion, and their average error of horizontal components is ±1.8 mm


    y (  t i  ) = a + b  t i  + c sin ( 2 π  t i  ) + d cos ( 2 π  t i  ) + e sin ( 4 π  t i  ) + f cos ( 4 π  t i  ) +       ∑  j = 1    n j      g j  H (  t i  −  T   g j    )   +  ε   t i       



(1)







In Equation (1),    t i    is the surveying date;   y (  t i  )   is the coordinate time-series;  a  is the intercept;  b  is the linear velocity;   c , d   and   e , f   are the annual cycle and semi-annual cycle coefficients;    g j    is the offset,    T   g j      is the epoch of mutation.  H  is Heaviside step function and    ε  t i     is observation noise [41].




3.2. Dynamic Strain Adjustment of the SSLMF


Considering the fault’s location and deformation pattern of the SSLMF, the SSLMF can be divided into two regions to study the deformation characteristics. The Western Region is located on the hanging wall, which is enclosed by the sites of LS03, LS08, LS02, LS06, and LS07. The Eastern Region locates on the footwall, which is enclosed by sites of LS02, LS06, LS01, LS04, and LS05. In Figure 4, two sets of strain time-series are presented, both showing the obviously compressive feature. However, significant differences exist in the principal compressive strain time-series. Among which, the strain rate in the Eastern Region is −6.2 × 10−8/year, which is smaller than −7.9 × 10−8/year in the Western Region.



With the adjustment of the principal strain parameters, the azimuth angle of the principal compressive strain rate (APCS) will change as well. In order to quantitatively compare the values before and after the Wenchuan earthquake, we firstly interpolate the values of the LS01–LS08 stations from the GPS velocity in Figure 1a [42], and then the velocities for these stations are calculated in the multiple time periods after the Wenchuan earthquake. Subsequently, ten groups of the APCS for the two regions are calculated and presented in Table 1 and Figure 5. Prior to the Wenchuan earthquake, the difference in the APCS between two regions is relatively small, indicating that the overall direction of the compressive strain in the SSLMF is SEE. After the Wenchuan earthquake, the direction of the APCS changes from EW to SEE in the Western Region and transforms from NS to SSE in the Eastern Region. In detail, during the first 3 months of the observation period, the difference of the APCS for two regions is about 80°, which decreases to about 30° at the first year of the observation period, and lasts until the occurrence of the Lushan Earthquake. In particular, the APCS in the Western Region has recovered to an interseismic value before the Lushan earthquake, which is more than 45 degrees different from the Eastern Region.




3.3. Dynamic Deformation of Major Faults in the SSLMF


In Figure 6, the GPS baseline time-series is presented. The geodetic and azimuth angle of LS03–LS02 shows obvious nonlinear feature, indicating that the compressive and dextral deformations near the Wenchuan focal are decelerating. The geodetic length of LS08–LS01 is in steadily shortening, and its azimuth angle shows a nonlinear deceleration feature before 2011.5 year. The shortening rate of LS08–LS01 is significantly greater than that of LS03–LS02, suggesting that the crustal shortening adjustment of the AGF fault zone and its eastern area is more pronounced. The stations of LS04–LS07 are across the MWF, BYF, and AGF zones, the baseline LS04–LS05 especially covers the seismogenic fault of the Lushan earthquake. Considering that two sets of baseline (LS04–LS05 and LS05–LS06) cross the faults with an angle of about 70° and their azimuth angles are steady, the compression with the levorotatory deformation feature that dominates in the faults can be deduced. In general, all of the baselines in Figure 6 illustrate crustal shortening features, but the azimuth angle for the LS02–LS03 and LS06–LS07 that crossing the MWF and BYF are three times greater than other baselines.



In order to quantitatively analyze the spatial deformation differences for major faults of the SSLMF, Table 2 presents the parallel and perpendicular components of relative movements between two stations. Comparing with the LS02–LS03, the crustal shortening rate of the LS01–LS08 is its 1.7 times, indicating that obvious crustal shortening occurs in the AGF and the seismogenic fault of the Lushan earthquake. From the baselines of LS06–LS07 and LS05–LS06 that cross NWF, BYF, and AGF, the crustal shortening rate is about −6.0 to −7.1 mm/(100 km× year ). Meanwhile, the value of the LS04–LS05 that covers the seismogenic fault of the Lushan earthquake is −3.9 mm/(100 km × year), which is about 0.56–0.65 times that of the main faults. For parallel components, the dextral deformation dominates in the north region of the SSLMF, but decreases from −9.2 mm/(100 km ×year) for LS02–LS03 to −0.5 mm/(100 km × year) for LS04-LS07. Furthermore, the value is −4.0 mm/(100 km × year) for LS07–LS06, indicating significant dextral deformation adjustment in the MWF and BYF. Meanwhile, the parallel components are 0.4 and 0.6 mm/(100 km × year) for LS06–LS05 and LS05–LS04, respectively, showing the weak levorotatory feature in the AGF and the seismogenic fault of the Lushan earthquake. In general, the average crustal shortening rate of LS01–LS08, LS01–LS07, and LS04–LS07 that cross the whole SSLMF is about −6.9 mm/(100 km × year), and the annual value approximately equals to the strain accumulation of about 5 years in the interseismic period. Specifically, in the eastern region of AGF, the ratio is about 2.0.





4. Discussion


The spatiotemporal deformation response of a seismogenic fault to a large earthquake is complicated and of great significance for understanding the nucleation and occurrence of the next strong earthquake. For the SSLMF, the typical reverse fault zone that is not ruptured during the Wenchuan earthquake, the dynamic deformation processes in the interseismic, co-seismic, and post-seismic periods have been captured via GPS techniques. Among which, some phenomena may related to the preparation of the Lushan earthquake.



4.1. Identification of Effective Deformation


When analyzing the deformation response of the SSLMF, the GPS profiles, strain parameter, and baseline time-series are adopted. In the spatial domain, the resolution, from high to low, are for the co-seismic displacements, GPS velocity, and coordinate time-series. Therefore, the co-seismic deformation differences are distinguished between the SSLMF and the rupture segment of LMF because of the high spatial resolution of the GPS displacements. For the temporal resolutions, the coordinate time-series are much higher than the other two types of data. Thus, the dynamic deformation features that significantly greater than the errors are analyzed using GPS time-series, such as the deformation differences between the western region to the BYF and the eastern region to the AGF. For residual seasonal cycle signals in GPS time-series, the fitting processes can exclude their influence on the low frequency deformation signals.




4.2. Deformation Response of SSLMF and the Lushan Earthquake


GPS campaign data reveal that the strain accumulation rate is slow in LMS zones before the Wenchuan earthquake. During the Wenchuan earthquake, the SSLMF is characterized by continuous compressive strain accumulation that significantly differs from the strain release pattern of the rupture segment of the LMF. From the quantitative analysis, the compressive loading is equal to the total accumulation of 44 years in the interseismic period. Furthermore, the post-seismic loading in 5 years approximately equals to the strain accumulation of 25 years in the interseismic period. These phenomena indicate that the Wenchuan earthquake exerts a significant loading effect on the whole SSLMF zone. Although the Lushan earthquake has occurred in the 2013 year, it cannot be rule out that the redistribution of the strain energy may trigger other new earthquakes, as the strain release of the principal faults of the SSLMF (that is, MWF, BYF and AGF) is not enough during the Lushan event [37,38].



GPS continuous data indicates that the post-seismic deformation adjustments of the MWF-BYF fault in the SSLMF are more pronounced than that of the AGF and its eastern region. For perpendicular components, the crustal shortening ratio between the Western Region and Eastern Region is about 2.0, while the adjustment in the shearing deformation is much larger in the West Region. The seismogenic region of the Lushan earthquake is featured with the weak levorotatory deformation, indicating the slight effect from the shearing slip of the Wenchuan earthquake. Meanwhile, the APCS in the Eastern region that covers the Lushan source shows more than a 45 degrees difference from the value of interseismic period. In general, the above weak deformation response and the large difference of APCS in the Eastern region are mainly attributed to the footwall effect and the rheology property of the lithosphere, while the locking effect of the seismogenic fault of the Lushan earthquake may affect these adjustment processes.




4.3. Deformation Mechanics


Jiang et al. (2017) [24] suggests that the pore resilience caused by the Wenchuan earthquake is small, and the afterslip and viscous relaxation is the primary mechanism of post-seismic deformation. GPS baseline time-series shows that the deformation deceleration features are significant near the Wenchuan source (that is, LS03–LS02, LS08–LS01), and other baselines that far from the Wenchuan epicenter mainly show linear characteristics. These phenomena indicate that multiple mechanisms may affect the deformation process. For the region near the Wenchuan source, the afterslip may be the dominating mechanism, while the viscous relaxation may dominate the deformation of other regions, where the block loading effect cannot be neglected. The temporal adjustment of the APCS of both regions is fast before the 2008.75 year, and then turns to stable status, which can be explained by the alternation of the effects from the dominant afterslip movement in the first 1–2 years after the Wenchuan earthquake to the subsequently pronounced viscous relaxation later.



Though in the unified tectonic system like the SSLMF, the deformation adjustments of the major faults are characterized by a great discrepancy. In order to reveal its mechanism, high precision, near-field, and intensive geodetic observations are essential.





5. Conclusions


In this essay, we focus on exploiting the dynamic deformation of the SSLMF and its major faults relating to the Wenchuan earthquake. In the co-seismic and post-seismic processes, the continuous deformation pattern dominates in the SSLMF. Quantitatively, the crustal shortening is −87.7 mm in the co-seismic period which is equal to the strain accumulation of 44 years during the interseismic period. Considering the deformation loading of the co-seismic and post-seismic effects 5 years after the Wenchuan earthquake, the sum compressive strain on the SSLMF zone is equal to the strain accumulation of 69 years during the interseismic period. For the eastern region of the AGF that covering the Lushan source, the value is about 25 years. After the Wenchuan earthquake, the crustal shortening is significant in the AGF and Lushan source areas, but the deformation adjustments of the MWF-BYF fault are more pronounced. Therefore, the Wenchuan earthquake is significant on the whole SSLMF zone, which accelerated its strain accumulation and promoted the occurrence of the Lushan earthquake. Furthermore, we should pay more attention to the earthquake risk of principal faults of the SSLMF (that is, MWF, BYF, and AGF).
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Figure 1. The GPS velocities and co-seismic displacements associating with the Wenchuan earthquake. (a) GPS velocities of 1999–2007, and (b) co-seismic displacements associating with the Wenchuan earthquake (the dataset is taken from Wang et al., 2011) [15]. Active faults based on previous works of Reference [29], MWF: Maoxian-Wenchuan Fault; BYF: Beichuan-Yingxiu Fault; AGF: Anxian-Guanxian Fault. The dark gray rectangles are three GPS profiles, and the box in the index map shows the location of the research region. 
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Figure 2. The GPS profile perpendicular to the Longmenshan Fault (LMF). (a) velocity profile using GPS velocity data during 1999–2007 covered by profile1 in Figure 1; (b) co-seismic displacement profile for the rupture segment associated with the Wenchuan earthquake, using the GPS velocity data covered by profile3 in Figure 2; (c) co-seismic displacement profile for the Southern Segment of the Longmenshan Fault (SSLMF) associated with Wenchuan earthquake, using the GPS velocity data covered by profile2. 
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Figure 3. The distribution of the GPS continuous stations in the SSLMF. Active faults based on previous works of Deng et al. (2003) [29]. (MWF: Maoxian-Wenchuan Fault; BYF: Beichuan-Yingxiu Fault; AGF: Anxian-Guanxian Fault). The brown arrows are cartoon schematic, indicating the continuous deformation pattern dominates in the SSLMF. The size of arrows represents the crustal movement, but they are not in a real scale. 
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Figure 4. The time-series of the strain parameters in the SSLMF. (a) Principal strain component in the Western Region, (b) principal strain components in the Eastern Region. 
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Figure 5. The dynamic sketch of the azimuth angle of the principal compressive strain rate (APCS). 
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Figure 6. The baseline variations and azimuth change of the GPS observations. 
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Table 1. The dynamic adjustment of the azimuth angle of the principal compressive strain rate (APCS) before and after the Wenchuan earthquake.
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	1999–2007
	2008.7–2009.00
	2008.7–2009.25
	2008.7–2009.5
	2008.7–2009.75



	Western Region
	102.7 ± 2.8°
	94.4 ± 6.6°
	112.5 ± 6.3°
	121.7 ± 9.2°
	125.5 ± 9.0°



	Eastern Region
	107.7 ± 1.1°
	176.9 ± 12.8°
	160.4 ± 16.1°
	151.3 ± 5.3°
	153.7 ± 3.7°



	
	2008.7–2010.0
	2008.7–2010.5
	2008.7–2011.0
	2008.7–2012.0
	2008.7–2013.3



	Western Region
	122.3 ± 6.6
	122.4 ± 7.2°
	121.9 ± 7.7°
	123.7 ± 10.7°
	124.0 ± 12.8°



	Eastern Region
	154.6 ± 0.9°
	153.9 ± 1.5°
	153.6 ± 3.3°
	153.8 ± 5.4°
	155.4 ± 5.9°







Note: The Western Region is enclosed by the stations of LS02, LS03, LS08, LS07, and LS06, and the East Region is enclosed by the stations of LS01, LS02, LS06, LS05, and LS04.
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Table 2. The parallel and perpendicular components of the GPS baselines that cross the Southern Segment of the Longmenshan Fualt (SSLMF).
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Distance (km)

	
Relative Movement Perpendicular to the Fault

	
Relative Movement Parallel to the Fault

	
Deformation Pattern of Faults




	
mm/year

	
mm/(100 km × year)

	
mm/year

	
mm/(100 km × year)






	
LS02–LS03

	
65.2

	
−4.0 ± 0.1

	
−6.2

	
−6.0 ± 0.1

	
−9.2

	
dextral and compression




	
LS01–LS08

	
90.9

	
−9.4 ± 0.3

	
−10.3

	
−0.5 ± 0.3

	
−0.5

	
compression and dextral




	
LS01–LS07

	
74.6

	
−4.0 ± 0.3

	
−5.3

	
−0.3 ± 0.3

	
−0.4

	
compression and dextral




	
LS04–LS07

	
86.9

	
−4.4 ± 0.1

	
−5.1

	
−0.4 ± 0.1

	
−0.5

	
compression and dextral




	
LS06–LS07

	
18.7

	
−1.3 ± 0.1

	
−7.1

	
−0.8 ± 0.1

	
−4.0

	
compression and dextral




	
LS05–LS06

	
18.9

	
−1.1 ± 0.1

	
−6.0

	
0.1 ± 0.1

	
0.4

	
compression and weak levorotatory




	
LS04–LS05

	
49.9

	
−2.0 ± 0.1

	
−3.9

	
0.3 ± 0.1

	
0.6

	
compression and weak levorotatory








Note: the values are calculated from the filtering results of Figure 5. A positive value means the tensile for the perpendicular component and the levorotatory for parallel component.
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