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Abstract The Sichuan Province comprises the cratonic Sichuan Basin and the eastern Tibetan Plateau
separated by the recently activated Longmen Shan fault zone, thus providing a natural laboratory to study
interseismic and postseismic processes. In this work we compute a new regional geodetic velocity solution
from most of the continuous Global Navigation Satellite Systems (GNSS)/GPS data available in the Sichuan
Province that we assess for transient postseismic deformation. For 11 continuous sites in close proximity to
the Wenchuan 2008 event epicenter that were operational during the Wenchuan event we find an average
short-term relaxation time of 11 days with maximum amplitude of 6.6 mm for the postseismic transient and
no resolvable long-term transient. Using tests for block rigidity guided by previous kinematic studies we
elucidate a longer-term transient in GNSS/GPS observations collected after the Wenchuan event that spans
an extensive region of the eastern Tibetan Plateau. We correct for transients, produce an updated secular
velocity field, and revise the kinematics of the region using elastic block modeling. Our results indicate that
predicted slip rates are in good agreement with both geological and GNSS/GPS velocity profile-derived
results, and we resolve two independent blocks with the expanded GNSS/GPS data set. Our constraints on
the spatial extent of long-term postseismic deformation support models of ductile lower crust in the eastern
margin of the Tibetan Plateau.

1. Introduction

The Longmen Shan mountain range is a central feature in the Sichuan Province; their origin has been
debated for decades. In one view the mountain range arises from lower crustal material extruding away from
the central Tibetan Plateau generating buoyant uplift adjacent to the Sichuan Basin (Figure 1) [Royden et al.,
1997; Clark et al., 2005; Medvedev and Beaumont, 2006]. An alternative mechanism for the Longmen Shan
mountain growth is crustal thickening through thrust faulting on deeply rooted faults [i.e., Tapponnier
et al,, 2001]. Recent seismic activity along the Longmen Shan (LMS) fault zone has reinvigorated this long-
standing debate with new seismic, geodetic, and geologic data lending evidence to support both hypotheses
[i.e., Shen et al., 2009; Hubbard and Shaw, 2009; Huang et al., 2014; Liu et al., 2014].

Prior to the 12 May 2008 Wenchuan M; 8.0 earthquake shortening across the LMS was measured at <3 mm/yr
[King et al., 1997; Chen et al.,, 2000; Zhang et al., 2004; Shen et al., 2005; Gan et al., 2007]. These data indicated
limited shortening and supported the lower crustal flow hypothesis for mountain building along the LMS
because the crustal thickening model requires coupled uplift and shortening. However, new geodetic observa-
tions related to the Wenchuan event [e.g., Zhang, 2008; Shen et al., 2009; Ding et al., 2013; Huang et al., 2014] and
the later M; 7.0, 20 April 2014 Lushan event [Wu et al., 2013; Jiang et al., 2014] measure the process of active
shortening from coseismic displacements and postseismic displacements near the LMS up to 2 years after the
events. Seismic tomography data [Liu et al., 2014; Pei et al, 2014] and an apparent gap in seismic activity
between the Lushan and Wenchuan epicenters [Li et al, 2013] provide evidence in support of a complex
geodynamic region at the eastern margin of the Tibetan Plateau where both lower crustal flow and crustal
shortening processes drive deformation.

In this work we investigate intraplate deformation at one of Earth’s premier locations for studying
rheological contrasts in the lithosphere—the Sichuan Province. We calculate a Global Navigation
Satellite Systems (GNSS)/GPS velocity field corrected for postseismic transient deformation using newly
available continuous and episodic GNSS/GPS data spanning 2008-2015. We combine this velocity
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solution with interseismic velocities prior to the Wenchuan earthquake [Zhang et al., 2013] to provide
an augmented secular velocity solution for the eastern Tibetan Plateau and Sichuan Basin as a contri-
bution to the broader geophysical community. We then use it to revise the kinematics of the Sichuan
Province providing new estimates of long-term slip rates on the Longmen Shan and surrounding active
faults and resolve two new minor blocks. The new kinematic model predicts fault slip rates that agree
well with both geological and GNSS/GPS velocity profile-derived results. Results from isolating post-
seismic transient deformation elucidates a broad region in the eastern margin of the Tibetan Plateau
undergoing transient, postseismic deformation that is consistent with models of lower crustal flow
and supports extrusion tectonic hypotheses.

2. Tectonic Setting of the Sichuan Province

The prominent geographic feature in the Sichuan Province is the largest topographic gradient (~5700 m) in
eastern Eurasia where the ~330km Longmen Shan (LMS) fault zone [e.g., Liu-Zeng et al., 2009; Shen et al.,
2009; Xu et al., 2009; Zhang et al., 2010] separates the cratonic Sichuan Basin and the eastern margin of the
elevated Tibetan Plateau (Figure 1). The LMS and associated growth of the Longmen Shan mountains are
attributed to the evolution of the Tibetan Plateau, which began forming during the late Cenozoic in response
to Indian-Eurasian plate collision.

Formation of the Tibetan Plateau generated thickened crust in its center that transitions to thinner
crust at the edges of the plateau. The analysis of receiver functions and seismic velocity anomalies indi-
cate that crustal thicknesses range from 53 to 66 km west of the LMS and 40 to 60 km in the Sichuan
Basin [Wang et al., 2003; Xu et al., 2007; Yao et al., 2006, 2008; Laske et al., 2012]. Seismic studies from
P wave tomography also reveal that the Sichuan Basin has seismically fast lithospheric structure to
~250km, which suggests rigid rheology associated with cratonic domain [e.g., Li et al, 2008].
Tomographic studies of the Tibetan Plateau and surroundings indicate seismically slow regions that
have been attributed to regions of ductile lower crust [i.e., Li et al., 2006, 2008]. Magnetotelluric profiles
corroborate the hypothesis of rheologically distinct lower crust [Unsworth et al., 2005; Bai et al., 2010]
that, in part, accommodates expansion of the Tibetan Plateau.

Eastward expansion of the Tibetan Plateau is also accommodated by several highly active major faults that
bound an amalgamation of crustal blocks. Geodetic and seismic data observe strain partitioning by left-
lateral strike slip along the Xianshuihe, Kunlun, Anninghe, and Zemuhe faults and right-lateral strike slip
along the Red River and Longriba faults. Historically, and at present, large-magnitude compressional and
strike-slip events with voluminous low-magnitude earthquakes pervade the western and southeastern
Sichuan Province [Zhang et al., 2010, and references therein]. The Sichuan Basin has been isolated from major
seismic events and significant crustal deformation due to its thickened cratonic lithosphere. Prior to the 2008
Wenchuan event, rates of surface deformation along the LMS were <3 mm/yr [King et al., 1997; Chen et al.,
2000; Zhang et al., 2004; Shen et al., 2005; Gan et al., 2007] with kinematic and geologic observations indica-
tive of compressional stresses near the Beichuan and right-lateral faulting in the northern LMS—consistent
with the M; 8.0 Wenchuan event.

3. GNSS/GPS Data Analysis

The data we process are from three sources: (1) the Sichuan GNSS/GPS Network of the Sichuan
Earthquake Bureau, which contain 37 continuous GNSS/GPS sites, with 14 sites spanning January
2004 to August 2015 (11 are in close proximity to the Wenchuan event) and 23 sites that span
August 2010 to August 2015; (2) the Crustal Movement Observation Network of China (CMONOC), oper-
ated by the China Earthquake Administration and partly maintained by Sichuan Earthquake Bureau. The
CMONOC contains 25 continuous GNSS/GPS sites (with 1 site spanning January 2006 to August 2015
and the rest span August 2010 to August 2015) and 542 campaign sites in the region with the new epi-
sodic observations in 2009, 2011, 2013, and 2015; and (3) the data from the Sichuan Surveying and
Mapping Bureau, which contains 11 continuous GNSS/GPS sites, of which 9 sites were observed at
the beginning of 2012 and 2 at the beginning of 2013. Our final velocity solution has transients
removed from the new GNSS/GPS stations and will then be merged with the secular velocity solutions
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Figure 1. Tectonic setting of the Sichuan Province. Black outline defines the political boundaries of the Sichuan Province.
Colored circles show the depths of earthquakes >My, 4 from the CMT catalog [Dziewonski et al., 1981; Ekstrom et al., 2012].
The southernmost focal mechanism represents the M 7.0 Lushan earthquake, and the northernmost focal mechanism
represents the M; 8.0 Wenchuan event. The yellow star shows the location of the M 6.3 Kandding earthquake. Red lines
represent the faults (from Shen et al. [2005] and Taylor and Yin [2010]). The inset map highlights the Tibetan Plateau and
location of the Sichuan Province. ANHF = Anninghe Fault; ZMHF = Zemuhe Fault; XJF = Xiaojiang Fault; LJF = Lijiang-Xiaojinhe
Fault; MJF = Minjiang Fault.

from Zhang et al. [2013] in a consistent reference frame. We remove transient motions by resolving the
postseismic decay times (section 4) and removing GNSS/GPS data observed during these time intervals.
We test removing data only for the transient decay time and for 9 months of observations after the
Wenchuan and Lushan events. The difference between the two solutions is a maximum of 0.9 mm/yr
in the east and 1.6 mm/yr in the north components. For the final solution we choose the conservative
approach and remove 9 months of data after both seismic events.

We processed the GNSS/GPS data from all sites loosely following the procedures described in McClusky et al.
[2000] and McCaffrey et al. [2007] using the GAMIT-GLOBK GNSS/GPS processing software [Herring et al.,
2010a, 2010b]. We combine the raw phase observations from the local GNSS/GPS receivers with raw phase
observations from 5 to 10 continuous International GNSS Service (IGS) stations to estimate loosely
constrained positions, atmospheric parameters, and Earth orientation parameters, each with associated
covariance matrices. We then combine these estimates and their covariances as “quasi-observations” [Dong
et al,, 1998] with the estimates and covariances from the Massachusetts Institute of Technology (MIT) global
analysis to estimate positions at each epoch. Then, for continuous sites, we aggregate the daily estimates over
periods of 7 days to better assess the long-term statistics of the positions (see Figure 2). For the campaign sites
we directly use the daily estimate. We combine the position estimates into a cumulative solution to derive site
velocities for the episodic and continuous sites separately and then rotate and translate the two solutions into a
consistent reference frame with six common IGS sites available in China (0.13 mm/yr RMS fit). We choose to use
sites in close proximity to our region of interest for the combination to obtain the most robust regional solution.

Realistic uncertainties for the estimated positions coordinates and velocities are obtained by adding both
white and correlated noise to the daily quasi-observations. To do so we first assign 10 mm for the a priori
phase error to make coordinate uncertainties approximately realistic with 2 min sampling following Herring
et al. [2010a]. Second, we remove apparent outliers and down-weight the daily observations for stations
and time periods that reflect a higher than average scatter. Third, we add a random-walk component to all
continuous stations that we determined using the first-order Gauss-Markov (FOGMEX) algorithm [Reilinger
et al., 2006; Ji and Herring, 2011; Ji, 2011]. Finally, we add an estimate for random-walk noise to the campaign
data based on the average of all continuous stations (1.0, 1.5, and 9mm?/yr for east, north, and up
components, respectively).
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Figure 2. Example of weekly aggregated time series for site QLAI. (left) Uncorrected QLAI time series. (right) QLAI time series corrected for coseismic offsets, offsets due to
equipment changes, annual signals, and outliers (in gray). Data that we remove to account for postseismic transients (9 months) is shown in red. Orange lines represent the
dates of seismic events (WC for Wenchuan event and LS for Lushan event). Purple lines indicate the antenna change-related breaks. Figure 5a shows the location of QLAI.

To assess whether our noise models describe the error characteristics of the GNSS/GPS observations, we evaluated
the normalized root-mean-square (NRMS) and weighted root-mean-square (WRMS) statistics (Figure 3):

EN: i = (G:r bt;))?

i

2
oj

i=1

[Larson and Agnew, 1991], where y;is the measured position, N is the number of observations, t represents the
time at the ith observations, and the intercept and slope of the best linear fit are a and b, respectively.

Seventy percent of the WRMS scatter is less than 1.7 mm for the north component and 2.1 mm for the east
component. The NRMS histograms are approximately normal with a mean value of 0.8 in the north and 1.0
in the east component. These values indicate that our noise models provide a reasonable fit to the error
characteristics of the GNSS/GPS measurements [i.e., McCaffrey et al., 2007].

Several episodic GNSS/GPS measurements were obtained within 1year of the Lushan and/or Kangding
events. To mitigate effects from possible coseismic displacements we use seismic intensity distribution maps
(Figure S1 in the supporting information) derived from field investigations carried out by the China
Earthquake Administration after the Lushan and Kangding earthquakes to determine which campaign sites
were likely affected by each earthquake. We remove the epoch nearest spatially to the respective seismic
event for campaign sites within the zones of high seismic intensity. We then use WRMS statistics to evaluate
the long-term repeatability of daily position estimates and require WRMS <3 mm.

4, Transient Postseismic Deformation

To assess our velocity solution for transient postseismic deformation associated with the Wenchuan and
Lushan earthquakes we first evaluate time series for transients from the 11 continuous GNSS/GPS stations
operational during both events located along the LMS and within the Sichuan Basin and 18 continuous sites
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that observed the Lushan event. We perform an iterative fit to a logarithmic function to estimate the relaxa-
tion times and amplitude of transients (Table 1):

x(t) = C+n(14 (t — teq) /7)

[e.g. Savage et al., 2005], where C is the coseismic offset in meters, t is time in years, 7 is the relaxation time in
years, and lambda is the amplitude of the logarithmic function. The average relaxation time for north, east,
and up components of the continuous time series after the Wenchuan event is 11 days (range 7-18 days;
examples in Figures 4a and 4b), which is consistent with Shen et al. [2009]. The maximum amplitude of the
resolved short-term transient is 6.6 mm (Figure 5). The amplitude of the postseismic transient is largest

Table 1. Results From the Logarithmic Fit to Continuous Time Series in Association With the Wenchuan 2008 Event?

Longitude Latitude T AN AE Ay Site Starting Date
104.06 30.63 8.7 0.70 0.3 13 CHDU 16/01/2004
104.54 30.38 7.0 0.50 0.7 04 JYAN 03/12/2004
103.75 29.56 9.5 0.30 0.5 04 LESH 01/04/2006
104.72 31.43 9.5 1.20 1 1 MYAN 01/04/2006
105.11 29.62 73 0.50 1.1 0.3 NEL 01/04/2006
103.75 3091 15.8 0.90 13 1 PIXI 15/01/2004
103.30 30.35 10.0 6.60 438 0.6 QLAI 01/02/2005
104.10 30.20 9.4 0.40 0.7 0.6 RENS 15/01/2004
104.43 2945 9.8 0.20 04 04 ROXI 17/05/2007
103.01 29.98 18.3 0.60 0.2 5.8 YAAN 15/12/2004
104.54 31.00 9.9 0.40 1 0.5 ZHJI 15/01/2004

*Tau estimates are in days. Amplitude estimates are in mm.
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Figure 4. (a) Modeled and calculated time series for the north component of PIXI based on the relaxation times in Table 1
determined using an iterative inversion described in section 4. (b) Same as in Figure 4a but for the east component.

between the epicenters of the Lushan and Wenchuan events in the horizontal components and relatively large
near the Lushan event in the vertical component. A long-term transient signal associated with the Wenchuan
event may be present in the 11 near-field GNSS/GPS sites, but it is too small to be resolvable with this approach.
We are unable to resolve clear short-term or long-term postseismic transients after the Lushan event at the 18
operational continuous sites by fitting the logarithmic function. For the final GNSS/GPS velocity solution we
exclude 9 months of data collected after both the Lushan and Wenchuan events. As noted in section 3 we
evaluated removing data only for the transient decay times and for 9 months after the Wenchuan and Lushan
events with maximum residuals of 0.9 mm/yr in the east and 1.6 mm/yr in the north components. We choose
the conservative approach and remove 9 months of data after both events for the final velocity solution.

In a second step we utilize existing secular velocity solutions from Zhang et al. [2013] with observations prior
to the Wenchuan event for comparison. The Zhang et al. [2013] solution includes two velocity fields that we
rotate into a consistent, Eurasia reference frame. One solution is comprised of 636 velocities merged from
papers published between 2000 and 2008 and is called “merged.” The other is comprised of 281 velocities
from the CMONOC (1997-2009), the Sichuan GNSS/GPS network (2005-2009), and a campaign 973 project
(2005-2009) and named “Chinese.” The two velocity solutions largely overlap in the study area. To combine
them, we first rotate and translate the merged velocity solution into a consistent reference frame of the
Chinese velocity solution using 100 common sites with a resulting RMS fit of 0.38 mm/yr. Co-located sites
from the merged and Chinese are consistent within 2 mm/yr. We average the velocities for the common sites
and refer to this combined solution as the Zhang solution.

In this second step we calculate the residual velocities at common sites between our new postseismic velo-
cities and the Zhang solution. There are 64 common sites between the velocity solutions based on new data
and the Zhang solution. We use 38 of these sites that are located outside of the eastern Tibetan Plateau but

100° 104° 108° 100° 104° 108°

Amplitude (N)
Amplitude (E)
Amplitude (U)

Figure 5. (a) Amplitude of short-term postseismic transient detected after the Wenchuan 2008 event in the north compo-
nent. Black circles represent the location of each GNSS/GPS station. QLAI shown in Figure 2 is demarcated. A 50 km radius is
plotted around the location of the 11 continuous GNSS/GPS sites operational during the Wenchuan event available for this
study. (b) Same as in Figure 5a but for the east component. (c) Same as in Figure 5a but for the up component. Colored
circles represent the earthquakes as described in Figure 1. Yellow stars represent the Kangding, Lushan, and Wenchuan
earthquakes from west to east, respectively.
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Figure 6. Cumulative postseismic surface displacements detected using the methods described in section 4.

within China to rotate the disparate velocity solutions into a consistent reference frame (RMS = 0.45 mm/yr).
As with the combination described in section 3 we use common sites that are in close proximity to our region
of interest. We find that 11 sites with velocity differences >3 mm/yr that we propose are associated with post-
seismic deformation. All 11 sites are located within the Sichuan Province and distributed within close proxi-
mity of the Longmen Shan fault and/or on the eastern margin of the Tibetan Plateau where ductile lower
crustal material is hypothesized. There is one exception located outside the southern border of the
Sichuan Province. The cumulative transient deformation up to 2015 detected with this approach is shown in
Figure 6. The new secular velocity solution corrected for this transient deformation is shown in Figure 7.

In section 5 we describe the kinematic modeling, our approach for detecting postseismic deformation at new
continuous GNSS/GPS locations, and the revised long-term kinematics of this region derived from our new
secular velocity solution.

5. Kinematic Modeling

Kinematic models are used to test the ongoing debate concerning the deformation behavior of the Tibetan
Plateau and surroundings: is surface motion best explained by a continuous, broad distribution [e.g., Flesch
et al,, 2001; England and Molnar, 2005] or by discrete blocks with strain accommodated on distinct, narrow
faults [e.g., Tapponnier et al., 2001; Thatcher, 2007]? In this work we contribute to the debate by developing
a new secular velocity field corrected for transient postseismic deformation that spans 1997-2015, which is
then used to constrain the present-day kinematics of the Sichuan Basin and eastern Tibetan Plateau following
the methods of McCaffrey [2009]. We provide new constraints on long-term fault slip rates and isolate two
new blocks with the augmented secular GNSS/GPS velocity solution.

5.1. Previous Kinematic Models

Prior to the Wenchuan 2008 event several authors published tectonic block models that include the
eastern margin of the Tibetan Plateau and the Sichuan Basin [e.g., Shen et al., 2005; Calais et al., 2006;
Gan et al., 2007; Loveless and Meade, 2011; Zhang et al., 2013]. In this work we aim to provide an
updated, robust kinematic description of the Sichuan Province; therefore, we use updated block
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Figure 7. Interseismic (before Wenchuan 2008 event [Zhang et al., 2013]; blue vectors) and new interseismic velocity solution
from this work that is comprised of post-Wenchuan episodic GNSS/GPS data and continuous GNSS/GPS data corrected for
transient deformation (yellow vectors). White vectors show the combined, common sites. Darker gray region highlights the
Sichuan Province with the epicentral location of the Wenchuan 2008 and Lushan 2013 events represented as black stars.

geometries based on Shen et al. [2005, 2009], Meade [2007]1, and Zhang et al. [2013] that are representa-
tive of the range of minor blocks proposed for the Sichuan Province and surroundings.

There are several key differences between these models. Meade [2007] divides the Sichuan Province
and surroundings into four elastic blocks separated by the locked Longmen Shan (LMS) Fault,
Anninghe-Zemuhe Fault, Xianshuihe Fault, and Lijiang-Xiojinhe Fault. Zhang et al. [2013] use a similar
fault geometry and approach but divide the block west of the LMS with the Minjiang Fault and deter-
mine that internal deformation within the blocks is necessary to best fit geodetic velocities on blocks
around the Sichuan Basin (south China Block). The block geometry of Shen et al. [2005] incorporates
the Litang Fault in the western Sichuan Province, which we include and also update with the revised
block configuration in Shen et al. [2009] by separating the region west of the LMS into two blocks
following the Longriba Fault. The Shen model also differs from Meade and Zhang by focusing on rigid
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Figure 8. Block boundaries and tectonic regions of the kinematic modeling. South China, Songpan-Ganzi, and Chuan-Dian
regions are shown as gray, yellow, and blue regions, respectively. Red circles are the sites removed in the inversions
because they are within 30 km of the main faults. Black dots show the sites removed due to large residuals. Dashed lines
represent the potentially active faults and boundaries for minor blocks resolved with new data in this study.

block rotations without computing elastic strain accumulation on locked faults and removing
GNSS/GPS velocities near active faults.

In all previous kinematic models the strain rates across the LMS were considered small with minimal shortening
rates between the eastern margin of the Tibetan Plateau and the Sichuan Basin. Deformation associated with
the eastward propagation of Tibetan Plateau bounds the Sichuan Basin in previous models with most strain
accommodated along the Xianshuihe and Anninghe-Zemuhe Faults.

5.2. New Kinematic Model

We use TDEFNODE [McCaffrey, 2009] to develop our new kinematic model, which is divided into seven discrete
rigid subblocks without permanent strain that have freely slipping block boundaries based on a priori knowledge
of active faulting and previous studies mentioned in section 5.1. As shown in Figure 8, the Sichuan Province is a
region where the Chuan-Dian (NCe, NCw, and SC, yellow background; “Chuan” stands for Sichuan and “Dian”
stands for Yunnan in Chinese), south China (CB, light gray background), and Songpan-Ganzi (SPn, SPs, and QC with
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green background) regions interact together. Here we focus on the present-day angular rotation of rigid blocks
constrained by our revised secular GNSS/GPS velocity solution and neglect elastic strain accumulation along block
boundaries. Since elastic deformation mostly takes place within ~30 km of the fault for crustal strike-slip
faults [i.e., Savage and Burford, 1970], we exclude sites located within ~30km of the four main faults
(Longmen Shan Fault, Anninghe-Zemuhe Fault, Xianshuihe Fault, and Lijiang-Xiojinhe Fault) where the
majority of strain in the region is accumulated (Figure 8, red circles). Using the statistical tests below we
also include the Longriba, Litang, and Minjiang Faults.

We use a rigorous statistical analysis described below to determine if adding additional blocks to previous
defined block geometries is required to best fit the observations. For each inversion, we use only the horizontal
components of GNSS/GPS data because of large uncertainties in the vertical component. To evaluate the quality
of inversion results, we use three statistics following the methods proposed by McCadffrey et al. [2007]. First, we
use the reduced y* to measure the goodness of the overall fit between model and observations:

2= [ yp)”

where n is the degrees of freedom and p is the misfit penalty function (for more details, please refer to
Appendix 2 of McCaffrey [2005]). Second, we use the probability Q [Press et al., 1989, p. 502] to deter-
mine if the resulting chi-square for a given model is due to random chance. We require Q > 10% and
use it to guide an iterative process of removing GNSS/GPS velocities with large residuals. With this pro-
cess we remove 103 GNSS/GPS sites that are inconsistent with rigid block motions (Figure 8, black dots).
Third, we use the F test [e.g., Stein and Gordon, 1984] to determine if the data fit is significantly
improved by adding additional blocks:

(3, —13,) /(1 — o)
X;zrz/Pz

where p; and p, denote the degrees of freedom for two models with »? defined above for each model. In this
study we use the 95% confidence level to reject the null hypothesis. Only after achieving an acceptable Q
value do we use F test statistics.

6. Results

We find that the best fit model gives a fit to the GNSS/GPS data with a reduced 2 = 0.48 and Q = 100%. WRMS
values are 0.85 mm on average with a range of +0.2 mm for individual blocks (Table 2). The final model has
325 degrees of freedom (d.f.) from 346 observations and 21 free parameters (three parameters for each of
the 7 angular velocity vectors).

6.1. Sichuan Basin-South China Block Reference Frame

The Sichuan Basin is part of the broader, nondeforming south China Block, which is bounded on the west
by the Longmen Shan and Anninghe-Zemuhe Faults and on the north by Qinling-Dabie mountains. Our
combined secular velocity solution is in a consistent International Terrestrial Reference Frame 2008
(ITRFO8) Eurasia reference frame (Figure 7) that, for our kinematic analysis, is transformed into a local
Sichuan Basin-south China Block reference frame. The estimated angular velocity pole of the Sichuan
Basin—-south China Block relative to ITRFO8 [Altamimi et al., 2012] Eurasia reference frame is 0.095°/Myr
located at 117.83°E and 65.18°N (Table 2).

We assess the noise model for the Sichuan Basin-south China Block sites by checking the ratio of the residual
magnitudes and their uncertainties. We compare the ratio of all sites used in our definition of the reference
frame with a (2-D) chi-square distribution expected from assuming that the north and east residuals are
normally distributed with unit variance. Any values in excess of the expected distribution of normalized
residuals imply that uncertainty estimates are conservative (Figure 9). We find that our noise model matches
the expected distribution of normalized residuals well with the minor excess of values between 20 and 60%
indicating conservative uncertainty estimates.

The transformed GNSS/GPS velocity field with respect to the south China Block is shown in Figure 10, and it
clearly highlights the differential motion within the study area, such as (1) the prominent clockwise rotation
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Table 2. Statistics and Euler Poles for Best Fit Model in a Sichuan Basin-South China Reference Frame® and a Eurasia
Reference Frame

Eurasia Reference Frame

Block N NRMS WRMS Q Longitude Latitude Omega SigOmega Maximum Minimum Azimuth

SPs 18 0.713 0930 956 110.40 57.02 0.174 0.286 55.10 1.81 15.04
SPn 20 0806 1.028 878 50.44 80.52 0.140 0.124 67.54 2.08 302.55
B 158 0.601 0.653 100.0 117.84 65.19 0.095 0.024 14.82 0.93 19.08
SC 58 0.715 0.823 999 96.57 22.82 —0.988 0.100 0.92 0.16 231.08
NCe 24 0722 0790 974 97.82 2543 —1.593 0.172 0.83 0.14 208.39
NCw 24 0.754 0855 954 95.92 24.77 —1.480 0.203 1.03 0.16 22275
QC 44 0727 0864 99.6 105.16 23.52 —0.378 0.133 5.16 0.49 180.37
SPSb 16 1179 1195 135 105.15 4347 0.689 0.236 5.70 0.38 10.78
Sichuan Basin-south China reference frame
SPs - - - - 105.04 47.09 0.081 0.307 66.63 4.16 82.67
SPn - - - - 332.38 54.18 0.064 0.026 101.90 477 49.65
SC - - - - 9745 26.35 —1.058 0.104 0.64 0.21 190.89
NCe - - - - 98.35 27.56 —1.665 0.175 0.52 0.16 228.39
NCw - - - - 96.54 2710 —1.551 0.206 0.68 0.17 206.28
QC = - - - 106.46 3159 —-0453 0.138 1.1 0.48 294.12

N is the number of data in the block, twice the number of vectors for GNSS/GPS data; latitude, longitude, omega, sig
omega, maximum, minimum, and azimuth give the Euler pole for the block rotation, the uncertainty (°/Ma), and azimuth.
Tests with postseismic velocities as described in section 7.3.

around the eastern Himalayan syntaxis and counterclockwise rotation around Songpan-Ganzi Block; (2) rela-
tive motions along Xianshuihe, Anninghe, and Zemuhe Faults; and (3) the abrupt shortening from Songpan-
Ganzi region to the south China Block.

6.2. Block Motion

Our best fit model is shown in Figure 11, and the residuals are shown Figure 12. To the first order we find that
blocks NCe, NCw, and SC in the Chuan-Dian region rotate fastest with a clockwise motion that is consistent with
observed left-lateral strike slip on the Xianshuihe, Anninghe-Zumehe, Litang, and Lijian-Xiaojinhe Faults. The NCe
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Figure 9. (left) Velocities used in the Sichuan Basin-south China reference frame. (right) Histogram of residuals for sites
used to define the Sichuan Basin-south China reference frame.
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Figure 10. GNSS/GPS velocity field from Zhang et al. [2013] (blue vectors), new episodic sites from this study, which include all
common sites (cyan), and new continuous GNSS/GPS sites from this study (green vectors) with respect to Sichuan Basin-south
China Block reference frame. For clarity, we remove sites that have uncertainties larger than 2 mm/yr in this figure.

and NCw blocks rotate clockwise about Euler poles located at 96°+ 2°E and 25°+ 1°N with rates of —1.6 and
—1.5°/Myr, respectively, relative to the Eurasian plate for consistency with previous kinematic studies. Block SC
rotates about a Euler pole in close proximity (96.75°E, 22.82°N) but with slower angular velocity of —0.988°/Myr.
The relative motion of SC and NCw/NCe (0.5°/Myr) also indicates left-lateral strike motion of bounded Lijiang-
Xiaojinhe Fault. The Sichuan Basin-south China Block (CB), SPn, and SPs move with small counterclockwise rotation
(0.1°/Myr) with differently located Euler poles. Block QC rotates clockwise at a rate of —0.3°/Myr relative to the
Eurasian plate. Block rotations relative the Sichuan Basin-south China Block are in Table 2.

We compare this result with the block kinematic model published by Shen et al. [2005] because our methods
are closely aligned. We find in our model that the block motions of NCe and NCw separated by the Litang
Fault are more consistent in the rotation rate and orientation than that of Shen et al. [2005]. Using the aug-
mented GNSS/GPS velocity field the F test shows that removing the Litang Fault does not degrade the fit sig-
nificantly (Pr=13.1%). Euler pole locations of the Sichuan Basin-south China Block (CB) and the northern
Songpan-Ganzi region (SPn) also disagree with Shen et al. [2005]. For block CB, both of the results share
the similar latitude of the Euler pole, while the longitude of this study is located ~64° westward; thus, it is clo-
ser to Sichuan Basin. Block SPn shares the similar longitude with Shen et al. [2005], but the latitude of this
study is located ~23° southward. We suspect that these inconsistencies are likely due to differences in the
distribution of geodetic data available for this work. To eliminate the possibility of model setup as a cause
for the differences we reproduce the results of previous kinematic studies in the supporting information.
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Figure 11. Observed (red arrows) and predicted (black arrows) velocity from the best fit model in a Sichuan Basin-south
China Block reference frame.

6.3. Fault Slip Rates

Figure 13 shows the predicted long-term fault slip rates from the best fit model. Clearly, the Xianshuihe and
Anninghe-Zemuhe Faults dominate the strike-slip motion within the study area. Even though the maximum
left-lateral slip rate of ~20 mm/yr occurs in the northernmost region of this fault at ~30 km, the average left-lateral
slip rate on the shallow part (<10 km) of Xianshuihe Fault is 11 + 1 mm/yr, which is consistent with the previously
published GNSS/GPS-derived results [Shen et al., 2005; Meade, 2007]. The averaged shallow part slip rate (<10 km)
on the Anninghe-Zemuhe Fault is 10.5 + 0.5 mm/yr. Within the Chuan-Dian region the Lijiang-Xiaojinhe and Litang
Faults slip slowly with rates of 3+2mm/yr and 4+ 1 mm/yr, respectively. For faults within the Songpan-Ganzi
region the predicted long-term slip rates of the Longmen Shan and Longriba Faults are 2+ 1 mm/yr and
3+ 1 mm/yr, respectively. Similarly, the average slip rate of the Mingjiang Fault is 2+ 1 mm/yr; however,
the northernmost segment of this fault yields a higher slip rate of 6 £ 3 mm/yr. We suspect that the rapid
changes in slip rate on the Mingjiang Fault and Xianshuihe Fault are not realistic, rather an artifact caused
by sparse data in this specific area, an oversimplified fault geometry definition, or a boundary effect.

7. Discussion
7.1. Geodetic Versus Geologic Slip Rates

Fault slip rates constrained by GNSS/GPS in a block kinematic model may not represent long-term fault slip
rates informed by dating of fault material or the estimated fault slip rates from direct observation from
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Figure 13. Predicted long-term slip rates of the best fit model.
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Figure 14. Velocity profile across fault strands as shown in Figure 12. Note that the light gray boxes in Figures 14c and 14b
are related to the Daliangshan subblock described in section 7.1, and we use all velocities from our new augmented
interseismic velocity solution described in section 3.
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Table 3. Comparisons Between Geological Slip Rates, Model-Predicted Long-term Slip Rates, and GNSS/GPS Velocity Profile-Derived Slip Rates

Fault Name

Model-Predicted GPS Velocity Profile-Derived Ranged Slip
Slip Rate (This Study) Slip Rate (This Study) Rate (Geology) References (Geology)

Longmen Shan Fault

Xianshuihe Fault

Anninghe Fault

Zemuhe Fault

Xiaojiang Fault

Lijiang-Xiojinhe Fault
Minjiang Fault

Litang Fault

2+1 1+1 0.0~1.0 Ma et al. [2005]; Densmore et al.

[2007], and Ran et al. [2010]

11+1 11+2 3.0~20.0 Wen [2000], Zhou et al. [2001],

Ran and He [2006], Qian [1989],
Li and Du [1989], Wang et al.
[2008], Qian et al. [1990],
Wen [1990],

Wen et al. [1989], Yi et al.
[2005], and Li et al. [1997]

10.5+0.5 8+2 3.0~7.5 Qian et al. [1990], He and

Yasutakyr [2007], Wen [2000],
Ran et al. [2008], Wang et al.
[1998], Zhou et al. [2001],
and Xu et al. [2003]

10.5+0.5 8+2 2.5~8.6 He et al. [1999], Du [2000],

Ren [1994],
and Ren [1990]

10.5+0.5 7+2 6.0~13.0 Zhang and Xie [2001], He et al. [2002, 2006],

Wen [1993], He et al. [1993],
Song et al. [1997], Shen et al. [1998],
Shen and Wang [1999], Wen et al.
[2007], and Xu et al. [2003]

+1 2+2 1.5~5.4 Xiang et al. [2002]

1+1 1~3 Tang et al. [2004], Zhao et al. [1994],
and Zhou et al. [2000]

4+1 2+2 >1 Xu et al. [2005] and Zhou et al. [2007]

GNSS/GPS across active faults. In section 6.3 we describe the modeled slip rates based on our new secular
velocity solution for the Sichuan Province. Here we calculate the fault slip rates by evaluating GNSS/GPS velo-
city profiles across fault strands defined in Figure 12 and shown in Figure 14. The regional outline for the pro-
files are shown in Figure 12 for clarity; however, we use all of the velocities from our new augmented secular
velocity solution that are within the bounds of each profile box shown in Figure 7. The starting point of each
profile is located in the side where the profile label is pinned (Figure 12). We also compare both estimates of
slip rates based on GNSS/GPS observations with geologic slip rates (Table 3).

The GNSS/GPS velocity profiles reveal that the average left-lateral slip rate along Xianshuihe Fault is 11

+ 2 mm/yr, which is consistent with both previously published geodetic [e.g., Shen et al., 2005] and geological
results [e.g., Wen et al., 1989]. About 2 +2 mm/yr extension is measured across the southeast segment of
Xianshuihe Fault, which is consistent with the geological slip rates reported by Zhou et al. [2001]. The
Xiaojiang Faults slip left laterally at rates of 7+2 mm/yr, which also agrees with both the geodetic [e.g.,
Shen et al., 2005] and geological results [e.g., Xu et al., 2003]. About 3 £ 2 mm/yr extension is measured across
the Zemuhe Fault and Xiaojiang Fault. The 3 £ 2 mm/yr compression is measured across the Anninghe Fault,
which agrees with the geological result published by He and Yasutakyr [2007]. We also find that the velocity
profiles across the Zemuhe Fault show that fault-parallel velocities increase smoothly from within block SC to
the Zemuhe Fault and then increase abruptly until ~100 km toward block CB (velocity gradient shown in light
gray in Figure 14d). The Anninghe Fault parallel velocity profile shows a similar trend (see Figure 14c). Such
information implies that between CB and SC there is a separate and ~100 km wide deformation zone which,
according to a geological report [e.g., Wen et al., 2013], is named Daliangshan subblock. The Anninghe and
Zemuhe Faults slip left laterally at rates of 8 +2 mm/yr, which is consistent with the geodetic [e.g., Shen
et al., 2005] result but ~3 mm/yr higher than the geological result [e.g., Xu et al., 2003]. We suggest that this
difference results from distributed deformation across the Daliangshan subblock. The velocity profiles across
other faults give similar results as that of the model-predicted slip rates. For more details, please refer to
Figure 14. Geological slip rates, model-predicted slip rates, and velocity profile-derived slip rates are listed
for comparison in Table 3. The overall good agreement between the geodetic and geologic slip rates
suggests steady deformation rates consistent with results of Shen et al. [2005].
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Figure 15. The magnitude of cumulative postseismic displacements detected in this study at GNSS/GPS stations after the
2008 Wenchuan event until 2015. Magnitudes are plotted for a 50 km radius around each station. Note the relatively higher
postseismic signal in the eastern Tibetan Plateau outlined with a contour at 5.5 mm.

7.2. Resolved Deformation Zone

While conducting the statistical analysis for the kinematic models we found that some residual velocities
appeared systematic, particularly in a region east of the Anninghe Fault where several large-magnitude
earthquakes occurred in the past [Sun et al., 2010]. We therefore performed additional tests to determine
if our new velocity solution could be used to resolve more zones of deformation. In addition to the
blocks described above we found two regions (Figure 8) where GNSS/GPS residuals are systematic.
One region is located in easternmost of SC blocks (hereafter called Chenghai Block, CH), and the other
is at the intersection area of the Longmen Shan and Anninghe Faults (hereafter called Mabian Block,
MB). For each of these two blocks we evaluate the significance of the model fit by performing four
groups of F tests: (1) use all of velocities described in section 3.3 and keep all faults locked, (2) use same
velocities and allow fault to slip freely, (3) perform the same test as (1) but exclude sites 25 km along
faults to mitigate effects from elastic strain accumulation except sites in CH and MB, and (4) same as
(3) but keep faults freely slipping. Note that these tests are different from our previously described
approach in sections 5.2 and 6 because we seek to resolve zones of deformation using all available data
from our new, augmented GNSS/GPS velocity field.

Seven GNSS/GPS sites are within the CH Block domain. The four F test results are listed in Tables S3 and
S4 in the supporting information, and it shows that, for all four cases, model fit improves significantly
when the CH Block is included (confidence level Pr>95%). Twenty-one GNSS/GPS sites are in the MB
Block domain. The F tests of four groups also show that adding the new MB Block improves the model
fit significantly only with one exception—group 3 (Pr=90.1%). The estimated block rotation poles of
these two blocks are provided in Table S5.

Historical records of seismic events and previously mapped faults also provide evidence of the CH and MB
Blocks. It is reported that at least 11 historical events with M, > 6.0 occurred along the fault bounding the
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eastern side of MB Block. Similarly, for block CH there are also reports of historical events with M, > 6.0 that
occurred [Sun et al., 2010]. Prior to this study the kinematics of these blocks have not been well studied with
GNSS/GPS data because of dense forest coverage [Zhang, 2013].

7.3. Constraints on the Spatial Extent of Viscoelastic Deformation in the Eastern Tibetan Plateau

Inverting our new interseismic GNSS/GPS velocity field describes rigid plate motions of the Sichuan Province
with a reduced y*=0.48. However, block rigidity is only achieved for blocks SPs and SPn after removing
nearly all of the new continuous GNSS/GPS data in those regions because of their large misfit to the rigid
block model. Therefore, velocities observed after the earthquake have no effect on the estimation of block
rotations in the SPs and SPn blocks. Inverting postseismic data alone we can resolve rigid block motion for
SPs, but the angular velocity vector (Table 2) is more than 5 times greater than block rotations derived from
preseismic velocities. We propose that the continuous sites installed after the 2008 Wenchuan event in 2010
in blocks SPs and SPn (MAEK, SCMX, SCSP, SCXJ, KADN, MARK, HONY, and ABAZ) observe postseismic defor-
mation related to viscoelastic relaxation. We estimate cumulative postseismic transient displacements for
these continuous sites by computing the residual velocities compared to our new estimates of block angular
rotations for SPs and SPn. We assume that the magnitude of the residual velocities represents cumulative
displacements over the period of observations associated with postseismic deformation. This is a similar
approach we used for the cumulative postseismic displacements at episodic sites shown in Figure 6.
Displacements derived for the episodic sites are based on residuals from the interseismic velocity solution
of Zhang et al.[2013]. We exclude velocities at GNSS/GPS sites associated with postseismic transient deforma-
tion from the final velocity solution provided in the supporting information.

Figure 15 shows that the magnitudes of horizontal displacements spanning post-Wenchuan to 2015 that we
determine are associated with postseismic deformation. The spatial extent of postseismic deformation eluci-
dated from GNSS/GPS data in this work extends up to 200 km west of the Beichuan into the eastern Tibetan
Plateau. Cumulative postseismic displacements are relatively larger in magnitude and centered in a central
region of the eastern margin of the Tibetan Plateau (Figure 15, yellow and red zones). The absolute magni-
tude of the displacement is less important than the relative magnitude because the amplitude of the signal
will depend on the size of the earthquake. The location of the relatively higher magnitude postseismic displa-
cements suggests a rheologic contrast in lithosphere of the eastern Tibetan Plateau that is consistent with
hypothesized low-viscosity lower crust in this region [i.e., Royden et al., 1997; Huang et al., 2014]. This work
resolves a broader zone of postseismic deformation than previously detected with interferometric
synthetic aperture radar observations [Huang et al., 2014].

We resolve postseismic decay times of ~11 days for the deformation east of the Longmen Shan fault zone;
however, it is not possible to constrain short-term decay times elsewhere in the region due to data availability.
The observed transient signals west of the Longmen Shan are evidence of longer-term transients in the eastern
Tibetan Plateau since the signal is present after 2010 at the continuous sites when data collection initiated.
These longer-term transient signals further support a rheologically distinct lower crustal layer in the eastern
Tibetan Plateau that is undergoing viscoelastic relaxation in response to the Wenchuan megathrust event.

8. Conclusions

We calculate a GNSS/GPS velocity field corrected for postseismic transient deformation using newly available
continuous and episodic GNSS/GPS data spanning 2008-2015. We combine this velocity solution with inter-
seismic velocities prior to the Wenchuan earthquake [Zhang et al., 2013] to provide an augmented secular
velocity solution for the eastern Tibetan Plateau and Sichuan Basin as a contribution to the broader geophy-
sical community. We then use it to revise the kinematics of the Sichuan Province providing new estimates of
block rotations, evidence for two newly resolved blocks, and revised estimates of long-term slip rates on the
Longmen Shan and surrounding active faults. The new kinematic model predicts fault slip rates that agree
well with both geological and GNSS/GPS velocity profile-derived results, which indicates steady deformation
rates of the region consistent with previous studies. Results from isolating postseismic transient deformation
elucidates a broad region in the eastern margin of the Tibetan Plateau that supports models of lower crustal
flow and extrusion tectonic hypotheses.
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