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Abstract The slip rate and its spatial variations of the Kunlun fault (KLF) play important roles in the
tectonic evolution of the northeastern Tibetan Plateau. Here the slip rate of the Tuosuo Lake (TL)
segment of the KLF, which remains controversial from various geological observations, is investigated with a
dense Global Positioning System observation profile. With a viscoelastic earthquake‐cycle deformation
model, the slip rate of the TL segment is estimated to be 5.5 ± 0.7 mm/a, in comparison with an
overestimated value of 9.2 ± 1.1 mm/a from an elastic model. Combined with previous results, we infer that
the slip rate of the KLF likely decreases gradually from the TL segment toward the eastern tip, rather than
remaining uniform along the fault or decreasing rapidly within the easternmost 150 km. The estimated
lower crust viscosity (~1018 Pa · s) agrees with values inferred from postseismic studies, which suggests a
weak ductile lower crust in this region.

Plain Language Summary The Kunlun fault (KLF) is one of the major left‐lateral strike‐slip
faults on the Tibetan Plateau and accommodates a significant portion of the plateau's eastward motion.
The slip rate and its spatial variations along the KLF play important roles in understanding the associated
tectonic evolution, crustal deformation, and seismic activity. However, how the slip rate varies along the
fault remains controversial. Here a dense Global Positioning System velocity profile across the Tuosuo Lake
segment is used to probe the slip rate of the eastern KLF. The results inferred from a viscoelastic
earthquake‐cycle deformation model suggest that the slip rate of the KLF decreases gradually from the
Tuosuo Lake segment toward its eastern tip, rather than remaining uniform along the fault or decreasing
rapidly within the easternmost 150 km of the fault as inferred previously from different observations. Our
results also highlight the viscoelastic relaxation effect during the earthquake cycle.

1. Introduction

The slip rates and their spatial variations along continental faults are important for understanding regional
tectonic evolution, crustal deformation, and seismic activity (Duvall & Clark, 2010; Segall & Pollard, 1980;
Xiong et al., 2010; Zheng et al., 2013). Spatial variations of fault slip rate have been observed on many major
continental faults, which highlight the complexity of fault frictional behavior, geometric configuration, and
segmentation (Cowie & Scholz, 1992; Diao et al., 2016; Hubbard et al., 2016; Manighetti et al., 2007). Here we
investigate the eastern Kunlun fault (KLF) in northeastern region of the Tibetan Plateau, which is well sui-
ted for investigations of fault behavior in terms of slip rate variation and interaction with other large faults.
Along its entire ~1,600‐km length, the KLF separates the Qidam block and the Bayan Hor block and accom-
modates a significant portion of the Tibetan Plateau's eastward motion by fault slip along the
strike (Figure 1).

The slip rate along the KLF estimated from geological investigations in recent decades remains controver-
sial, especially for the eastern segments. Van der Woerd et al. (2000, 2002) indicate a uniform slip rate of
11.5 ± 2.0 mm/a along the fault. Kirby et al. (2007) and Lin and Guo (2008) suggest that the slip rate
decreases rapidly from >10 to <2 mm/a along ~150 km toward its eastern tip, but recent large‐scale
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geodetic observation reveals gradually decreasing slip rates from the middle to the eastern segments (Duvall
& Clark, 2010). The Tuosuo Lake (TL) segment that connects the western fast‐slipping segment and the
eastern slow‐slipping segment (Figures 1 and 2) governs how the slip rate varies along the KLF.
Considering the large discrepancy in the published geological slip rates of this segment, for example,
11.5 ± 2.0 mm/a from Van der Woerd et al. (2002) and 6.5 ± 1.1 mm/a from Guo et al. (2007), geodetic
constraints are necessary for nailing down the slip rate of the TL segment. However, due to the absence of
dense near‐field observations, the geodetic slip rate on this fault segment has been only approximately
estimated (Duvall & Clark, 2010; Zhang et al., 2004).

Geodetically observed fault deformation reveals not only steady fault slip but also transient effects during an
earthquake cycle including coseismic rupture, postseismic deformation, and interseismic strain accumula-
tion. Two physical models that relate fault deformation to the slip rate have been proposed in past decades.
One is the elastic back‐slip model that assumes buried dislocations beneath a locked portion of a fault
(Savage & Burford, 1973). The other model is the viscoelastic earthquake‐cycle deformation (VECD) model
(Savage & Prescott, 1978), which consists of a fault with periodic slip events in an elastic crust overlying a
viscoelastic lower crust and upper mantle. By incorporating the viscoelastic effects of the ductile layers,
the VECD model can produce time‐dependent cross‐fault deformation during an earthquake cycle (Dixon
et al., 2003; Hilley et al., 2009; Johnson et al., 2007; Meade & Hager, 2004; Pollitz, 2001; Savage, 2000;
Savage & Prescott, 1978; Wang et al., 2012).

Here a new Global Positioning System (GPS) observation profile with dense near‐field sampling is used to
probe the fault slip rate on the TL segment of the KLF. We first use a simple elastic model to investigate
whether such a model can explain the data with reasonable parameters. Then, a more realistic VECDmodel
that incorporates the postseismic and interseismic viscoelastic effects is built, and the fault slip rate and the
lower crust viscosity are estimated. Finally, we discuss the tectonic implications of the inferred slip rate
along the eastern segment of the KLF.

Figure 1. (a) Tectonic setting of the Kunlun fault. The thick red lines and beach balls indicate the surface rupture traces and focal mechanisms of historic earth-
quakes (Guo et al., 2007). The red triangles within the dashed rectangle show the Global Positioning System stations used in this study. (b) Velocity profile per-
pendicular to the fault. The green vectors represent horizontal Global Positioning System velocities with 95% confidence interval relative to the stable Eurasian
Plate.
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2. GPS Data Processing

We use campaign GPS data that were collected between 1999 and 2015 to acquire the interseismic crustal
movement in the study area. Only the GPS stations with at least three surveys were selected in this study
to provide robust estimates of ground velocities. The observation time for each station exceeds 72 hr during
each survey. All of the data were collected at similar time of year (around August) in order to decrease sea-
sonal effects. A profile having a total of 27 GPS stations with dense near‐field samples was
constructed (Figure 1b).

Following the scheme presented by Gan et al. (2007), the GPS data were processed step by step as follows: (1)
Using the GAMIT software, the raw GPS data were processed to obtain the loosely constrained daily coordi-
nates and satellite orbits (Herring et al., 2010a). (2) These loosely constrained daily solutions were combined
with the loosely constrained global solutions of 80 IGS tracking stations (released by Scripps Orbital and
Position Analysis Center, http://sopac.ucsd.edu/) using the GLOBK software (Herring et al., 2010b), from
which the solutions were fixed to the ITRF08 frame. (3) The station velocity and related uncertainty were
solved through linear regression of the obtained GPS displacement time series. (4) The GPS velocities in
ITRF08 were further translated to the fixed Eurasian frame based on the Euler parameters (Altamimi
et al., 2012). (5) The horizontal velocities were projected onto the fault‐parallel (N110°E) and the fault‐
perpendicular (N20°E) directions, respectively, in order to estimate the velocity gradient across the fault
(Figure 1b and Table S1). Note that a few stations were affected by coseismic deformation of the 2001
Kunlun (Mw 7.8), 2008 Wenchuan (Mw 7.9), and 2010 Yushu (Mw 6.9) earthquakes. We calculated these
effects using the published geodetic coseismic slip models (Lasserre et al., 2005; Z. Li, Elliott, et al., 2011;
Wang et al., 2011) and removed them from the displacement time series. The final velocity profile shows

Figure 2. (a) The 3‐D fault geometry and segmentation used in the viscoelastic earthquake‐cycle deformation model.
Abbreviations: KL, Kusai Lake segment; DX, Dongdatan‐Xidantan segment; AL, Alake Lake segment; TL, Tuosuo Lake
segment; MM, Maqin‐Maqu segment. (b) Sketch map and parameter setting of the layered Earth.
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a clear velocity gradient in the fault‐parallel direction (Figure 3g), suggesting significant strike‐slip strain
accumulation. In contrast, the identified fault‐perpendicular velocity gradient is distributed in a broad
region along the profile and no clear gradient is observed near the fault, revealing that the fault thrust‐slip
component on this segment might be negligible (Figure S1).

3. Elastic and Viscoelastic Models
3.1. Elastic Model

We first try to explain the observations using the simple elastic dislocation model proposed by Savage and
Burford (1973). Based on this model, the fault‐parallel velocity (V) is a function of distance perpendicular
to the fault (x), interseismic locking depth (D), and long‐term fault slip (V∞),

Figure 3. Inversion results based on the elastic and the viscoelastic models. (a) Misfit variance map (normalized by the data variance) of the elastic model (V∞ vs.
D). (b and c) The statistical distribution of the slip rate and locking depth inferred from 500 Monte Carlo simulations for the elastic model. (d) Misfit variance
map of the viscoelastic earthquake‐cycle deformation (VECD) model (V vs ηlc). (e and f) Similar to (b) and (c) but for the parameters of the VECDmodel. (g) Fault‐
parallel (N110°E) ground velocities with the gray dots showing the error bars (95% confidence interval). The solid black and red curves show the velocity
profiles predicted from the optimal VECDmodel and elastic model, respectively. The dashed red curve is inferred from the best fit elastic model with a fixed locking
depth of 20 km.
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V xð Þ ¼ V∞

π
arctan

x
D

� �
: (1)

The optimal values of V∞ andD can be found through a grid search method. The uncertainty of the obtained
(V∞, D) is estimated statistically using the Monte Carlo method (Walters et al., 2011). For this purpose, we
generate a set of Gaussian noise signals using the observation uncertainty as the standard deviation and add
them to the data. For each of the disturbed data sets, we repeated the grid search process for the correspond-
ing optimal V∞ and D. These steps were run 500 times in order to estimate the uncertainty of the two
parameters statistically.

3.2. VECD Model

Following the configuration used in previous studies (e.g., Dixon et al., 2003; Hilley et al., 2009; Meade &
Hager, 2004; Savage & Prescott, 1978), our VECD model consists of the KLF embedded in an elastic upper
crust overlying a lower crust and a half‐space upper mantle, both of which are represented by linear
Maxwell rheology (Figure 2). Themodel incorporates viscoelastic deformation driven by the periodic sudden
slips (earthquake cycle) and continuous interseismic stress loading (constant back‐slip rate) on each seg-
ment of the fault (Figure 2a). An earthquake represented by a sudden slip occurs at the beginning of a cycle,
releasing the back‐slip accumulated during the last cycle. After the sudden slip, the segment remains locked
for the rest of the cycle. Both sudden slips and steady state back‐slips cause stress variations in the viscoelas-
tic lower crust and upper mantle, which are relaxed with time‐dependent surface deformation in the post-
seismic and interseismic periods.

In the VECD model, the accumulated surface displacement field can be decomposed into three parts: (1)
long‐term plate motion, (2) coseismic and postseismic deformation induced by the periodic sudden slips,
and (3) deformation due to the back‐slip of faults, which are introduced to account for the effect of interseis-
mic fault locking. Each fault segment is assumed to rupture periodically with its own recurrence interval.
For simplicity, we only consider the past N earthquakes on each fault segment. Based on the assumptions,
the accumulated surface displacement during the pastN earthquake cycles can be expressed in the following
form,

U x; tð Þ ¼ V xð Þt þ ∑
L

i¼1
∑
N−1

n¼0
ViTiGi x; t−ti þ nTið Þ−∫t0ViGi x; t−τð Þdτ

� �
; (2)

where x is the position of GPS stations, L is the total number of fault segments indexed with i, t is the time
since the earliest event of the past N earthquake cycles indexed with n, ti is the occurrence time of the latest
earthquake (n = 0) on the ith fault segment, V is the long‐term velocity of plate motion, Vi is the long‐term
slip rate given by the relative plate motion along the fault, Ti is the earthquake recurrence interval, and Gi is
Green's function representing the elastic and viscoelastic displacement caused by a unit slip on the ith fault
segment.

The long‐term plate motion is estimated following a strategy similar to that used in the 1‐D elastic earth-
quake cycle model but considering the variable slip rates along the fault. For this purpose, we include deep
slip below the seismogenic zone (0–20 km) to a large enough depth (here 5,000 km). To decrease the lateral
boundary effect, we additionally extend the length of both eastern and western edge segments by 1,000 km,
respectively. As shown by Klein et al. (2017), the plate motion predicted by this strategy is more realistic than
that predicted by the 1‐D model with a uniform slip rate and an infinite fault length.

In contrast to the steady state plate motion, the viscoelastic effect should be considered when calculating
Green's function for surface displacement caused by fault slips. In general, Green's function can be separated
into the elastic part and the viscoelastic part

G x; tð Þ ¼ C xð Þ þ P x; tð Þ½ �H tð Þ; (3)

where H(t) is the Heaviside function, C(x) is the elastic displacement, and P(x, t) is the time‐dependent dis-
placement induced by viscoelastic relaxation in the lower crust and upper mantle. Note that not only the
sudden slip but also the continuous slip accumulation (back‐slip) can cause stress change and result in vis-
coelastic relaxation.
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Using equation (3), the back‐slip term in equation (2) can be reformulated to

−∫
t

0ViGi x; t−τð Þdτ ¼ −Vi Ci xð Þt þ ∫
t

0Pi x; τð Þdτ
h i

; (4)

and after a large enough number of cycles (N → ∞), the ground velocity is calculated by

∂
∂t
U x; tð Þ ¼ V xð Þ−∑

L

i¼1
ViCi xð Þ

� �
þ ∑

L

i¼1
Vi Ti ∑

∞

n¼0

∂
∂t
Pi x; t−ti þ nTið Þ−Pi x;∞ð Þ

� �
; (5)

The two terms in the first brackets on the right‐hand side of equation (5) are the plate motion and the elastic
part of interseismic deformation, respectively. The other terms represent the viscoelastic part of sudden slips
and continuous back‐slips. At distances far enough away from the fault, both elastic and viscoelastic defor-
mation parts become negligible and the ground velocity converges to that of the long‐term plate motion.
Furthermore, it can be easily shown that the viscoelastic part makes no net contribution to the accumulative
displacement during a complete earthquake cycle because for each fault segment it is valid that

∫
tiþTi

ti
Ti ∑

∞

n¼0

∂
∂t
Pi x; t−ti þ nTið Þ−Pi x;∞ð Þ

� �
dt

¼ Ti ∑
∞

n¼0
Pi x; nþ 1ð ÞTi½ �−Pi x; nTið Þf g−Pi x;∞ð Þ

� �

¼ Ti Pi x;∞ð Þ−Pi x;∞ð Þ½ �

¼ 0:

(6)

Note that here we have used Pi(x, 0) = 0. Generally, the viscoelastic effect speeds up the interseismic ground
velocity in the early stage of the cycle and slows down it in the late stage of the cycle, independently of the
viscoelastic structure and the fault configuration as well as the slip distribution on it.

Based on the theory derived above, we use the PSGRN/PSCMP code (Wang et al., 2006) to calculate the
ground velocity for a layered viscoelastic model. Forward simulation tests reveal that the surface velocity
throughout an earthquake cycle converges when N is larger than 10 for the present case. To identify the
reliability of the simulation, we compare the results with those inferred from Savage and Prescott (1978)
based on a simple two‐layer Nur‐Mavko model with a single fault segment of infinite length. As shown in
Figure S2, our numerical results show an excellent agreement with the analytical solution obtained by
Savage and Prescott (1978).

In our VECD model, the crustal velocity depends on parameters (V,T) of each fault segment and viscosities
of the lower crust (ηlc) and upper mantle (ηum). The parameter setting of each fault segment is shown in
Table S2 as inferred from previous studies (Guo et al., 2006; Li et al., 2005; C. Li, Xu, et al., 2011; Lin
et al., 2002; Van der Woerd et al., 1998, 2000, 2002). The occurrence interval of the TL segment (TTL) is
set to 630 years based on the geological investigation (C. Li, Xu, et al., 2011), whereas the slip rate of the
Tuosuo segment (VTL) remains to be solved. We set the thickness of the elastic layer (D) to 20 km based
on the 95% of focal depths of seismicity in this area (Figure S3) and the estimate of coseismic rupture depth
(Lasserre et al., 2005). The viscosity ηum is fixed to 1.0 × 1020Pas based on the previous studies on postseismic
deformation in this region (Ryder et al., 2011; Wen et al., 2012). The effects induced by the uncertainties of
TTL, ηum, andD are further tested and discussed in the next section. After fixingmost of the parameters of the
model, we adjust ηlc and VTL and find the optimal values by minimizing the misfit between the observed
velocity (Vobs) and the model prediction (Vmodel) again by the grid search method as used for the elastic
model,

F ηlc;VTLð Þ ¼ ∑
J

j¼1
σ−2j Vobs;j−Vmodel;j ηlc;VTLð Þ� 	2

(7)

where j is the index of the GPS station and σ is the measurement error of observed velocities. Note that the
large‐scale crustal shorting in the fault‐perpendicular direction of the study area is subjected to large‐scale
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tectonic deformation (Zhang et al., 2004). Therefore, only the fault‐parallel components of GPS velocities are
employed to constrain the model parameters. The same approach as described in section 3.1 is used to esti-
mate the uncertainties of the parameters.

4. Results and Discussion
4.1. Results and Robustness

Based on the simplified 1‐D elastic model, the VTL is estimated to be 9.2 ± 1.1 mm/a (Figures 3a–3c), which is
close to the geological slip rate (11.5 ± 2.0 mm/a) obtained by Van der Woerd et al., 2000, 2002), but higher
than that (6.5 ± 1.1 mm/a) obtained by Guo et al. (2007). Moreover, the inferred corresponding fault locking
depth of 52.0 ± 24.7 km is well beyond the seismogenic thickness of this region (~20 km). In comparison, the
optimal VECD model yields a fault slip rate of 5.5 ± 0.7 mm/a (Figures 3d–3f), which is significantly lower
than the geological estimate of Van der Woerd et al. (2000, 2002) but is consistent with the estimate of Guo
et al. (2007). The corresponding ηlc is estimated to be ~ 3.0 × 1018 Pa · s, which agrees well with the values
derived from postseismic observations in this region (e.g., Ryder et al., 2011; Wen et al., 2012). The variance
reduction of the optimal elastic and viscoelastic models is close to 95%, resulting in a root‐mean‐square mis-
fit of less than 1 mm/a, which locates within the uncertainty of the observations. Besides, we also tried fixing
the locking depth at 20 km for the elastic model; however, it yields a slip rate of 7.0 mm/a that significantly
underestimates the far‐field velocities (Figure 3g). Therefore, the results inferred from the VECD model
should be more reasonable in terms of the more realistic model configuration, that is, incorporation of vis-
coelastic effect and variable slip rate along the fault.

For a robust estimation of VTL and ηlc in the VECDmodel, the fixed parameters (ηum, TTL, and D) are tested
to identify their effects, separately. No significant variations are observed in the inferred VTL and ηlc by chan-
ging ηum (Figure S4), suggesting that the VECD model is not sensitive to ηum. However, the VTL decreases
from 6.2 ± 0.9 mm/a to 4.3 ± 0.6 mm/a by increasing TTL from 500 to 760 years (Figure S5), implying a mod-
erate trade‐off between the parameters TTL and VTL. Moreover, the estimated VTL are 5.1 ± 0.6 mm/a,
5.5 ± 0.7 mm/a, and 7.5 ± 0.8 mm/a when fixing D to 15, 20, and 30 km (Figure S6), indicating that an
increased D will decrease the viscoelastic effects and make the solution close to that of the elastic models
(Savage & Prescott, 1978). Besides, the model with D = 20 km can explain the data better (with small misfit)
than that with D = 15 km or D = 30 km, suggesting that the parameter inferred from a prior information
is reasonable.

Note that we fix T, D, and V (adjacent segments) based on a priori information and neglect the lateral varia-
tion of viscosity structure to make a first‐order approximation. As shown by the sensitivity tests and previous
studies (e.g., Hetland &Hager, 2006; Ryder et al., 2011), these simplifications may potentially affect the para-
meter estimation and lead to underestimated uncertainties of the inferred VTL. Further investigations with
better spatial and temporal data coverage may allow more detailed analysis of these parameters.

4.2. Cross‐Fault Deformation throughout the Earthquake Cycle

The VTL inferred from the elastic model is clearly larger than that deduced from the VECD model. The dif-
ference highlights the overlapping viscoelastic effects on geodetic fault slip rate estimate during the earth-
quake cycle. To show the time‐dependent velocities across the fault, we simulate a complete earthquake
cycle using the obtained VECD model. Immediately after an event the inferred cross‐fault velocity is clearly
faster than the reference steady state velocity inferred from a corresponding elastic model (Figure S7). At
t ≥ 0.3T, the VECD velocity is slightly smaller and has a lower gradient than that given by the elastic refer-
ence. These results suggest that overestimation and underestimation of the fault slip rate would be inevitable
in the early and late stages of an earthquake cycle if the viscoelastic effects were ignored. For the present case
of the TL segment, the occurrence of the 1937 Huashixia earthquake yields t/T≈ 0.1 at the observation time.
Such a scenario leads to a highly overestimated slip rate by neglecting the viscoelastic effect (i.e., overestima-
tion at the early stage of a cycle). Furthermore, we show the contributions of different deformation compo-
nents (see equation (5)) in Figure S8.

4.3. Tectonic Implications of the Slip Rate Variation along the Kunlun Fault

The mechanism of the slip rate variation along the KLF remains controversial. Kirby et al. (2007) suggest
that the rapidly decreasing fault slip is mainly absorbed by internal deformation and thickening of the
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plateau surrounding the fault tip. Duvall and Clark (2010) consider that the systematically decreasing slip
along the KLF is transformed to the slip of the northern Haiyuan fault and distributed deformation in the
step‐over region between them, rather than transformed to the east margin of the Tibetan Plateau. C. Li,
Xu, et al. (2011) infer that the slip rate decrease is mainly transformed to transverse secondary faults and
crust deformation near fault bends. The slip rate inferred from the VECD model in this study supports the
view of systematic slip rate decrease along the KLF (Duvall & Clark, 2010). Moreover, the relief variations
at the north side along the fault show spatial agreement with systematic slip rate decrease (Figure 4,
upper panel), suggesting that the crustal thickening and internal deformation around the eastern fault
segment may absorb part of the decreased fault slip. However, the hypotheses mentioned above are not
mutually exclusive, and it is possible that each mechanism is acting (Kirby et al., 2007). Further
investigations, such as more geodetic observations surrounding the fault and numerical simulations of
fault interactions, are required to test these hypotheses.

Similar slip rate gradient has been observed on the northern Altyn Tagh fault and Haiyuan fault, of which
the slip rates decrease gradually toward the eastern tip (Zhang et al., 2007; Zheng et al., 2013). Such slip rate
variations of large strike‐slip faults may obey a scaling relationship between fault displacement and length,
which suggests that the slip rate decrease can generally be observed from the central segment toward the
fault tip as inferred from investigations of several faults worldwide (Cowie & Scholz, 1992; Stirling
et al., 1996).

5. Conclusions

Constrained by a dense GPS velocity profile, the VTL of the KLF was investigated with a VECD model. The
inferred VTL of 5.5 ± 0.7 mm/a is consistent with the previous first‐order geodetic results (Duvall & Clark,
2010) and the geological estimate (Guo et al., 2007). An overestimated VTL of 9.2 ± 1.1 mm/a is predicted
using an elastic model, indicating that viscoelastic effects should be considered for analyzing the geodetic
observations at the interseismic stage of an earthquake cycle. Combining previous results with those from
this study, we infer that the slip rate of the KLF may decrease gradually from the TL segment toward the
eastern tip, which contradicts previous views that suggest a uniform slip rate along the fault or a rapidly

Figure 4. Slip rate variations along the Kunlun fault inferred from geological and geodetic investigations (lower panel).
The shaded red belt shows the slip rate variations along the Kunlun fault based on the results of previous studies and
this study. The shaded blue belt shows the slip rate variationmodel proposed by Kirby et al. (2007). The upper panel shows
the elevation along a 100‐km‐wide zone north of the fault.
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decreasing slip rate within the easternmost 150 km of the fault. The obtained ηlc agrees with values inferred
from postseismic studies in this region; both are on the order of 1018 Pa · s, suggesting a weak ductile lower
crust beneath the elastic seismogenic layer.
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