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Power-Law Viscoelastic Flow of the Lower Accretionary
Prism in the Makran Subduction Zone Following the 2013
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Abstract Subduction zone accretionary prisms are commonly modeled as elastic structures where
permanent deformation is accommodated by faulting and folding of otherwise elastic materials, yet accretionary
prisms may exhibit other deformation styles over relatively short time scales. In this study, we use 6.5-year
(2014-2021) Sentinel-1 interferometric synthetic aperture radar (InSAR) time-series of post-seismic
deformation in the Makran accretionary prism of southeast Pakistan to characterize non-linear viscoelastic
deformation within an active accretionary prism on short timescales (months to years). We constructed a series
of 3-D finite-element models of the Makran subduction zone, including an accretionary prism, and constrained
the elastic thickness of the upper wedge and the flow-law parameters (power-law exponent, activation enthalpy,
and pre-exponential constant) of the lower wedge through forward model fits to the InSAR time-series. Our
results show that the prism is elastically thin (8—12 km) and the non-linear viscoelastic relaxation of the deep
portions of the prism alone can sufficiently explain the post-seismic surface deformation. Our best fitting flow-
law parameters (n = 3.76 + 0.39, Q = 82.2 + 37.73 kJ mol~!, and A = 107336=4%%) are consistent with triggering
of low temperature dislocation creep within fluid-saturated siliciclastic rocks. We believe that the fluids
necessary for this weakening originate from sedimentary underplating and/or the presence the hydrocarbons.
The presence of power-law rheology within the lower wedge impacts the estimated plate coupling and the stress
state in the subduction system, with respect to the conventional elastic wedge model, and hence should to be
considered in future earthquake cycle models.

Plain Language Summary Following large earthquake ruptures, the Earth's surface can continue

to deform for several years. The spatial and temporal pattern of this post-earthquake surface deformation is
related to the material properties beneath the Earth's surface. By modeling this deformation, we are able to infer
the mechanical behavior of the Earth at depth (i.e., whether it behaves like a solid or a fluid, or something in
between), which has important implications for assessing the seismic hazard in the region. In 2013, a Mw7.7
earthquake occurred in the Makran accretionary prism in southern Pakistan. We use satellite images to measure
and monitor the surface deformation 6.5 years following the earthquake. We find that this deformation is mainly
caused by the viscoelastic relaxation, a flow-like behavior, of the lower prism material between 12- and 40-km
depth. This behavior likely results from the high fluid content within the accretionary prism.

1. Introduction

Accretionary prisms are common geologic features in subduction zone environments whose long-term deforma-
tion are often described according to Mohr-Coulomb wedge theory (e.g., Dahlen et al., 1984; Davis et al., 1983;
Wang & Hu, 2006), which invokes elastic mechanics with frictional yielding to explain the relationships between
the wedge taper, basal friction, and internal strength of the wedge. Where present, accretionary prisms are the
shallowest portion of the hanging wall in accretionary subduction zones, and the mechanics of accretionary
prisms across varying time periods may influence shallow megathrust rupture characteristics, such as tsunami-
genesis. Similarly, subduction zone coupling models, which rely on geodetic measurements made within and
inboard of the accretionary prism, often invoke homogeneous elastic deformation models (Bevis et al., 2001;
Chlieh et al., 2011; Moreno et al., 2010). If accretionary prism undergo viscous deformation on relatively short
time scales, then models of subduction zone hazard and behavior based on an assumption of elastic deformation
may be biased.
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Several studies showed non-elastic deformation over time-scales of an earthquake cycle or shorter within the
accretionary prism or mantle wedge. Sun et al. (2014) showed viscoelastic relaxation within the upper mantle
following the 2011 Tohoku-oki earthquake. Peiia et al. (2020) showed power-law relaxation within the lower
continental crust and upper mantle of the Chilean subduction zone after the 2010 Maule earthquake. Peterson
et al. (2018) characterized the post-seismic surface deformation of the 2013 Baluchistan strike-slip earthquake
within the Makran accretionary prism of southern Pakistan and found that the observed post-seismic deformation
transient could be explained to a first-order by non-linear viscoelastic relaxation within the accretionary prism.
Of all these studies, only in Japan and Pakistan were the geodetic observations (sea floor global positioning
system (GPS) and interferometric synthetic aperture radar (InSAR) time-series, respectively) available within the
accretionary prism, which is a relatively rare occurrence given most accretionary prisms are under water. Given
the current rarity of such observations of post-seismic deformation in the shallow subduction zone, detailed
interrogation of these post-seismic transients is critical to new understanding of accretionary wedge mechanics.

The Makran subduction zone, located in southeast Iran and southwest Pakistan, accommodates northward subduc-
tion of the Arabia oceanic plate beneath the Eurasia continental plate at 3.8-4.0 cm/year (DeMets et al., 2010,
Figure 1). The Makran accretionary prism (MAP) is an east-west trending (~1,000 km) wedge with, advanta-
geously for geodetic observations, a 150-200 km wide region that is exposed subaerially. The MAP consists
primarily of siliciclastic turbidite sequences that exhibit significant evidence of fluid over-saturation attributed
to sedimentary underplating (Burg, 2018; Fowler et al., 1985; Fruehn et al., 1997; Platt et al., 1985). Recent
GPS and InSAR investigations suggest that the megathrust is strongly coupled at the coastline and capable of
producing ~M,,8.8 earthquakes (Frohling & Szeliga, 2016; Lin et al., 2015). Historically, the Makran hosted
several large (suspected or observed My, > 7.0) megathrust earthquakes (Figure 1), including the 1,483 event in
western Makran, the 1,765 event in easternmost Makran, two coastal events in 1851 and 1864 in eastern Makran,
and the 1945 M, 8.1 event near Pasni, followed by a large aftershock in 1947 (Byrne et al., 1992; Heidarzadeh &
Satake, 2015). Some of these earthquakes were tsunamigenic and impacted large cities throughout the Arabian
Sea and Indian Ocean, including megacities of Karachi (currently having 21+ million population) and Mumbai
(184 million) (Byrne et al., 1992; Jaiswal et al., 2009).

Several previous studies have suggested that the MAP is mechanically weak. The Arabian plate subducts at a
shallow angle, and the surface slope of the MAP is similarly shallow dipping. Under Mohr-Coulomb wedge
theory, these factors indicate an internal frictional coefficient smaller than 0.05, which in part indicated elevated
pore fluid pressures (Barnhart et al., 2014; Dahlen et al., 1984). At the same time, mud volcanos, high porosity
evident in seismic surveys, and dissolution structures observed in the field indicate the presence of substantial
fluid in the accretionary prism that reduces the strength of rocks within the wedge (Fowler et al., 1985; Fruehn
et al., 1997; Snead, 1964; Wiedicke et al., 2001).

On 24 September 2013, a M,,7.7 strike-slip earthquake occurred within the sub-aerial portion of the MAP
(Avouac et al., 2014; Barnhart et al., 2014; Jolivet et al., 2014) (Figure 1). InSAR time-series observations that
began 15 months after the earthquake showed an extensive and ongoing post-seismic transient that was first
described by Peterson et al. (2018). In that preliminary study, Peterson et al. showed that, to a first order, the
transient could be explained by non-linear viscoelastic relaxation within a layered half-space without the pres-
ence of afterslip. They estimated the power-law exponent (n = 3.5) of the lower MAP with an effective viscosity
of 1017-10'8 Pa-s. They hypothesized that the non-linear rheology reflects low temperature creep processes. In
this study, we aim to build on and improve the work done by Peterson et al. in several ways. First, we extended
the temporal aperture of surface displacement observations from 2.5 to 6.5 years to retrieve the post-seismic
surface deformation transient that may constrain the viscoelastic relaxation process more tightly. Second, while
the previous study used a simplified 4-layer model to represent the subduction zone structure without lateral
heterogeneities, we invoked a more realistic subduction zone model with geophysically constrained slab geome-
try, Moho depth, and material properties to minimize biases introduced by the simple layered model. Third, we
applied a lab-derived constitutive relationship to solve for the non-linear viscoelastic response and the flow-law
parameters of the lower wedge material, whereas Peterson et al. assumed a linear Maxwell body to approximate
the non-linear response.
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Figure 1. General setting and simplified structural map of the Makran subduction zone, modified from Burg (2018), and
6.5-year cumulative (starting Oct. 2014) line-of-sight displacements derived from the ascending (Path 115) path of Sentinel-1
SAR imagery. The color scales saturate at +100 mm. Black arrows indicate the LOS directions. Positive value indicates
increasing LOS (away from the satellite). Blue boxes outline the footprints of two descending (Path 151 and 49) Sentinel
interferograms used in this study. The red line indicates the rupture trace of the 2013 Mw?7.7 Baluchistan earthquake. Black
rectangles indicate maximum estimated rupture areas for historic earthquake events (Byrne et al., 1992). Plate motion of
Arabia relative to Eurasia (AR:EU) is shown by black arrow (DeMets et al., 2010). Structures and images are overlain on

30 m SRTM DEM shaded relief.

2. Data and Methods
2.1. InSAR Time-Series Processing

We generated a 6.5-year (October 2014-March 2021) Sentinel-1 InSAR time-series from three different
satellite paths (one ascending, two descending) spanning the Baluchistan earthquake post-seismic transient
(Figure 1; Figures S1 and S2 in Supporting Information S1). Unfortunately, we were unable to constrain the
early post-seismic deformation following the September 2013 earthquake because of a lack of SAR observations
in the first 13 months following the earthquake. Each SAR acquisition was paired with the next three acqui-
sitions to form interferometric pairs using the stack processing tools within the JPL/Caltech ISCE processing
package (Rosen et al., 2004). We removed topography-related phases with the 30-m Shuttle Radar Topography
Mission (SRTM) digital elevation model. After generating stacks of interferograms from each path, we inverted
the line-of-sight (LOS) displacements for the displacement time-series of each pixel using the Miami InSAR
Time-series Software in Python (MintPy, Zhang et al., 2019). We applied no atmospheric corrections to the
time-series because a lack of continuous GPS observations in the region of interest did not allow us to validate
the atmospheric corrections.

We then fit a logarithmic decay function to the time-series of each pixel using a minimum root mean square
(RMS) grid search method to generate a smoothed displacement time-series:

dros =alog(1+t/'r) (@))]

where d, g is the LOS displacement in millimeter, ¢ is time since the earthquake rupture in years, and a and 7 are
the parameters we search for. For the purposes of comparing the time-series to predictions from a finite element
model, we resampled the smoothed time-series onto 30 equally-spaced dates within the shared temporal window
of the three satellite paths.
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2.2. Finite-Element Modeling

We constructed 3-D finite-element models of the Makran subduction zone (Figure 2). Different from Peterson
et al. (2018), which assumed a simplified four-layer wedge structure, we constructed the Makran subduction zone
and accretionary prism in Coreform-Cubit (https://coreform.com/) using a geophysically constrained geometry.
While our subduction zone geometry represents more details than Peterson et al. (2018), it does not incorpo-
rate complex upper plate geometry, such as the sequential folding and faulting within the accretionary forearc.
Therefore, our model geometry is a first-order approximation of the complex Makran accretionary prism. The
structure of our 3-D model consists of four domains (Figure 2): (a) an elastic upper wedge where the 2013 Mw7.7
earthquake occurred; (b) a viscoelastic lower wedge that extends to the dipping slab interface to a maximum
depth of 40 km, which is the Moho depth reported in this region (Abdollahi et al., 2018; Maggi et al., 2000;
Shad Manaman et al., 2011); (c) a 30 km thick elastic Arabic oceanic slab with surface curvature derived from
the Slab2 model (Craig & Copley, 2014; Hayes et al., 2018); and (d) a viscoelastic oceanic and continental mantle
at depths greater than the previously described domains. We then used the open-source PyLith finite element
modeling package to assign material properties to different domains and derive the post-seismic forward simula-
tions (Aagaard et al., 2013). For simplicity, each domain is assumed to be homogeneous. Table S1 in Supporting
Information S1 summarizes the material properties assigned to these domains. We set free displacement bound-
ary condition for the ground surface. For the northern/southern and eastern/western boundaries, we set roller
conditions where displacements are fixed in normal direction but free in tangential directions.

Here we design a two-step approach to constrain the source of the viscoelastic relaxation at depth. We first
conducted a series of forward model tests to estimate the thickness of the accretionary prism elastic layer (akin to
the elastic-crystal plastic transition (ECPT)). We then constrained the flow-law parameters of the Makran lower
wedge with non-linear FEM forward simulations.

2.2.1. Estimation of the Elastic-Crystal Plastic Transition (ECPT) Depth

We varied the ECPT depth in our finite element mesh from 4 to 20 km in 4 km increments. We prescribed the
co-seismic slip distribution from Jolivet et al. (2014) onto the Hoshab fault, and simulated the post-rupture defor-
mation for 10 years. We evaluate the dependence of model fit on ECPT depths with the lower wedge exhibiting
both linear Maxwell and non-linear power-law rheology. For the Maxwell model, we kept the elastic properties
constant while assigning varying linear Maxwell viscosities from O to 4e+19 Pa-s (Table S1 in Supporting Infor-
mation S1). For power-law rheology, laboratory experiments suggest the following flow law:

&= Ag"e"9/RD @

where ¢ is strain rate (s7!), A is a pre-exponential factor (MPa™ s~!), ¢ is the differential stress (MPa), n is the
power-law exponent, Q is the activation energy (kJ mol™'), R is the universal gas constant (J mol~! K1), and
T is temperature (K), which is depth-dependent following a regional geothermal gradient of 10°C/km (Khan &
Raza, 1986; Peterson et al., 2018). For each ECPT depth, we vary the power-law parameters of the lower wedge
with: n ranging from 3 to 4; Q ranging from 50 to 140 kJ mol~'; and A ranging from 1078 to 107 MPa™ s, in
total of 1,260 models (Table S1 in Supporting Information S1).

To evaluate the fit of forward simulations to the InSAR time-series, we projected the 3-D surface displacement
time-series predicted from the finite element models to the radar LOS directions of each satellite path. For each
path, we shifted the modeled time-series to make it have zero displacement on the first date of InSAR acquisition.
We then resampled the predicted time-series at the same 30 dates as the InSAR time-series. Lastly, we calculated
the mean RMS misfit (mMRMS) between the predicted and observed time-series on a pixel-by-pixel basis:

1 1 n n,
1= na - np Zi:] Zj’:] [(di; = mi;)?] 3)

where y? is the misfit squared, n, is the number of dates, n,, is the number of pixels, and d;;, m; are the line-of-sight
displacements for the ith pixel on jth date for data and model, respectively. We aim to find out at which ECPT
depth does the model produce the minimum mRMS error.

Since each path contains different level of tropospheric or ionospheric noise, and each path's coverage of the
post-seismic deformation varies as well (Figures S1-S3 in Supporting Information S1), we normalized the
mRMS distributions and applied variable weighting for each path. Although it remains difficult to quantitatively
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Figure 2.

assess the weighting of spatial coverage and noise content within each path on the fit of our forward models, we
employed a guided trial and error approach to find the optimal weights to the mRMS distribution of each path. We
assigned the weight on the ascending path larger than the two descending paths as it covers all of the post-seismic
deformation signal and has relatively low noise content in the vicinity of the Hoshab fault. Additionally, for the
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ascending path, the post-seismic surface displacements are relatively in the direction of the satellite's range, along
which the radar sensors are most sensitive to displacements. We also kept the weights on the two descending
paths the same. As a result, we found that a weight of 0.6 on the ascending path and 0.2 on each of the descending
paths explain the observation well.

2.2.2. Post-Seismic Relaxation Modeling With Non-Linear Lower Wedge Rheology

After estimating the ECPT depth, we conducted forward simulations of 10-year of post-seismic 3-D defor-
mation of the 2013 Baluchistan earthquake assuming non-linear power-law rheology applied to the lower
viscoelastic wedge: While keeping the material properties of other domains the same as before, we expand the
power-law parameters of the lower wedge with: n ranging from 3 to 5; Q ranging from 10 to 200 kJ mol~'; and
A ranging from 10715 to 103 MPa~" s7!, in total of 6,820 different rheology models (Table S1 in Supporting
Information S1).

For each of the 6,820 resulting forward models, we calculated the mRMS misfit between the predicted and
observed LOS time-series along each satellite paths (Equation 3). We normalized the mRMS distribution and
assigned the same weighting as we used in the previous step for each satellite path (0.6 for the ascending path,
and 0.2 for the descending paths). Given the potential non-linear trade-offs between the three unconstrained
variables and large parameter spaces, we do not expect to find the one single rheology model that best fits the
observations. Instead, we aim to find a range of models that provide good fits based on both the weighted mRMS
(WmRMS) misfit and visual inspection of the spatial and temporal fits between the predicted and observed
time-series. To quantify the weighted mRMS distribution, we defined a simple criterion, in which we selected
5% of all model that have the lowest WmRMS values, and then calculated the mean and 1-o uncertainties of each
flow-law parameter. We also aim to explore the control of each variable on the spatial and temporal patterns of
the post-seismic surface displacements.

3. Results
3.1. Estimation of the ECPT Depth

Figure 3 shows the comparison between the best-fitting Maxwell and power-law models at each ECPT depth for
the Jolivet slip model. Overall, the normalized WmRMS distributions suggest that for both models, the forward
simulations yield the best fit (minimum WmRMS) at an ECPT depth between 8 and 12 km. However, the power-
law best-fitting models yield lower WmRMS than their Maxwell counterparts. For each rheology model, the fit
between the predicted and observed time-series varies for different InNSAR viewing geometries. In general, for
both path 115 and 151, fits show that the best fit occurs at an ECPT depth between 8 and 12 km (Figures S4a,
S4b, S4d, and S4e in Supporting Information S1). For path 49, we do not observe apparent correlation between
ECPT depth, lower wedge viscosity, and model fit (Figures S4c and S4f in Supporting Information S1), which
likely results from relatively high noise content in the InSAR time-series of this path. As a result, we believe
that the boundary between the elastic and crystal-plastic deformation occurs at 8- to 12-km depth in the Makran
region, and the non-linear power-law rheology explains the lower wedge behavior better than the linear Maxell
model. Following this estimation, we then fixed the thickness of the elastic upper wedge to be 12 km in our later
non-linear forward simulations (Figure 2).

3.2. Post-Seismic Relaxation Modeling With Non-Linear Lower Wedge Rheology

Figure 4 shows the normalized WmRMS distribution for all 6,820 forward models at each InSAR viewing geome-
try. Models with low WmRMS values (5% of all models) yield a lower wedge rheology of (1-6): n=3.76 + 0.39,
Q = 822 + 37.73 kJ mol™!, and A = 10733*4*%  The model with the minimum mRMS yields: n = 3.6,

Figure 2. (a) An example of Makran subduction zone geometry (12 km of the upper wedge thickness) and finite element mesh. Green domain: upper wedge. Blue
domain: oceanic slab. Pink domain: lower wedge. Orange domain: oceanic and continental mantle. Red line: Hoshab fault trace. Note that in the third panel, within the
upper wedge and the frontal portion of the lower wedge, the mesh is of only one-element thickness. This is because the third panel only shows mesh element distribution
on the easternmost boundary of the domain. In the domain interior, the element size becomes finer as its distance to the Hoshab fault decreases. At the fault plane, the
element size is on average 1-km in diameter, resulting in approximately 12 layers of mesh elements. (b) General cross-section (box in a) of the Makran accretionary
prism modified after (Burg, 2018). Folded orange line: Eocene-Lower Miocene sediments. Pale yellow: Upper Miocene-Quaternary deposits. Orange: granitoids, lavas
and sediments. Light blue: low grade metamorphic rocks including blue schist. Green and Purple: ophiolite packages.
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Figure 3. (a) Normalized weighted mean RMS (WmRMS) between the best-fitting models (circles) and data at various ECPT depth assumptions (4, 8, 12, 16, and
20 km) for Maxwell lower wedge rheology (orange line), power-law rheology (blue line). (b) Jolivet et al. (2014) co-seismic slip distributions.

0 =70kJImol~!, and A = 10~*8, We also observe a positive correlation between log(A) and Q (Figure 4a). Figures
S5-S7 in Supporting Information S1 show mRMS distributions for each path 115, 151, and 49, respectively.

Figure 5 shows the cumulative post-seismic deformation predicted from the minimum WmRMS model for all
three satellite viewing geometries and their residuals to the InSAR observations. For both path 115 and path
151, the forward model predicts most of the post-seismic deformation signals following the 2013 Baluchistan
earthquake, in both spatial (Figures 5a-5d) and temporal (Figures 5g and 5h) domains, indicating that viscoelastic
relaxation alone can explain the post-seismic transient. We observe near-field residuals in the ascending path.
While some of these residuals results from continuous fault creep that has been identified in previous studies
(Boxes A and B in Figure 5a, Fattahi, 2015; Peterson et al., 2018), the origin of the others remains uncertain. We
believe that the coherent near-field residuals likely arise from over simplification of near-surface structure and
slip in both our FEM and the input slip distribution. Additionally, we show the predicted cumulative displace-
ments in the east, north, and upward directions (Figure S8 in Supporting Information S1).

To illustrate the effects of non-linear lower wedge rheology on the post-seismic deformation, we compared
results from the best-fitting Maxwell model from the ECPT estimation tests (7 = 8.4e+18), and the power-law
model with the minimum WmRMS (n = 3.6, Q = 70 kJ mol~!, and A = 10~*3). Figure 6 shows the predicted
post-seismic time-series of these two models in the temporal domain for selected locations near the Hoshab fault.
We observed, to a first order, that the power-law model captures the logarithmic decay pattern in the post-seismic
InSAR time-series, whereas the Maxwell model exhibit a linear tend in the time-series and do not match the
temporal signal decay. Recalling the results from the ECPT estimation, the power-law models yield overall lower
WmRMS the Maxwell models (Figure 3). Therefore, we conclude that power-law rheology in the lower accre-
tionary prism better explains the observed post-seismic deformation.

We further explore the temporal evolution of viscosity for the best-fitting power-law model. We compute the tran-
sient effective viscosity of the lower wedge following (Freed & Biirgmann, 2004): n = ¢!~=e@/RD /2 A, where
differential stress o is defined as the absolute difference between the maximum and minimum principal stresses.
As shown in Figure 7, immediately following the rupture, high differential stress beneath the Hoshab fault results
in a low viscosity (on the order of 10'® Pa-s) zone in the lower wedge and parallel to the slab-wedge interface.
As the stress relaxes, the effective viscosity gradually increases and reaches ~10'8 Pa-s after 10 years. These
stress- and time-dependent viscosity variations have been observed following other earthquakes under different

CHENG ET AL.

7of 17

A ‘11 °220T 9S€6691T

:sdpy wouy papeoy!

2SU2DIT suowwo)) aanear) ajqesrjdde ayy £q pauraaos a1e SA[IIUE YO 25N JO sa[nI 10j AIeIqi aul[uQ K[IA\ UO (SUONIPUOI-PUER-SULI) /WO K3[1a’ KIeIqiaul[uo//:sdny) suonipuo) pue swiaf, ayy 33 *[§z07/20/L0] uo Kreiqr aurjuQ Ko[ip ‘Juawaseue|yl pue JO neaing £q €640dI220/6201°01/10p/wod Kajim: Kreiqrjaul]i



Ason |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB024493

5 7
log(A)

Mmlmum

iz, NI

-15 -13 -14 -12

50

]
u ‘ .
Normalized
Weighted mRMS
0 0~05 0, 015 0.3 QQJ 23

6 8 10
log(A) log(A) log(A)

Figure 4. (a) Normalized weighted mRMS distributions for all FEM forward models of different A (pre-exponential constant), Q (activation enthalpy), and n (power-
law exponent) combinations. (b—u) Expanded plots of (a), each of which shows the normalized weighted mRMS distribution with a constant Q value. The red circles
indicate the model with the minimum weighted mRMS.

tectonic settings, such as the 1992 Landers, 1999 Hector Mine, 2002 Denali, 2008 Wenchuan earthquakes, 2010
Maule, and 2011 Tohoku earthquakes (Freed & Biirgmann, 2004; Freed et al., 2006; Muto et al., 2019; Pefia
et al., 2020; Zhu et al., 2022). Additionally, we conduct several tests in which we reduce the Young's modulus (E)
of the oceanic slab (From 120 GPa to 100, and 80 GPa) and the viscosity of the continental/oceanic mantle (From
102 to 10'° Pa-s), to investigate whether the stiffness of the subducting slab or mantle viscosity affects the spatial
and temporal variations in the low viscosity zone. We do not observe apparent change in effective viscosity for
these models with weaker oceanic slab or less viscous mantle, which indicates that our choice of slab and mantle
rheology does not impact our overall modeling results (Figures S9, S10, and S11). Based on these observations,
we infer that the 2013 Baluchistan earthquake rupture likely stresses the lower Makran wedge, which creates a
transient ductile zone along the plate interface (~20 km depth; Byrne et al., 1992; Jackson & McKenzie, 1984).

The viscoelastic relaxation of materials within the ductile zone along the subducted slab contributes to the surface
deformation we observed with InSAR, particularly in the later years of our study (~5 years after origin) when the
effective viscosity in the broader accretionary prism has returned to a high viscosity state (Figure 7). In a recent
study, Lv et al. (2022) conducted afterslip inversions of the 2013 Baluchistan post-seismic InSAR time-series on
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Figure 5. (a—f) Forward-modeled post-seismic surface displacements time-series (A = 10~*8 MPa™s~!, 0 = 70 kJ mol~!, n = 3.6), and their last-date residuals to

the InSAR time-series along path 115, 151, and 49. The color scales saturate at +100 mm. Pink solid line indicates the Hoshab fault. Crosses and numbers correspond
to selected locations of time-series plots shown in (g—i). Box A and B in (b) highlight residual signals likely resulting from continuous fault creep (see text). (g—i)
Pixel-wise surface displacement time-series at locations shown in the upper panel for path 115, 151, and 49, respectively. Yellow circles: raw InSAR time-series. Red
lines: logarithm fits of raw time-series; Green lines: modeled time-series. The time window for each panel spans from October 2014 to March 2021. Zero displacement
is set at the date of first SAR acquisition.

different fault geometries. They argued that post-seismic deformation apparent in InSAR could be explained by
aseismic afterslip on the Makran slab interface. Our results, which do not require or allow for the occurrence of
frictional afterslip, indicate that the zone of low effective viscosity along the subduction zone interface is located
where Lv et al. (2022) mapped afterslip and persists—therefore relaxing—throughout the InSAR observation
period. Given that our modeling results fit the same observations well, we argue that frictional afterslip on the
megathrust interface is not a unique mechanism to describe the observed surface deformation. Furthermore, our
modeling results indicate that frictional afterslip is not required to explain the InSAR-observed post-seismic
deformation signal. The occurrence of viscoelastic relaxation in a slab-parallel ductile zone may be an important
component of post-seismic deformation in other subduction zone earthquakes, and may lead to misinterpretation
of post-seismic mechanisms.

4. Discussion

Our analysis is consistent with the work of Peterson et al. (2018) which proposed that the post-seismic surface
deformation can be explained by the viscoelastic relaxation of a weak lower Makran accretionary prism, above
the subducted slab. This viscous lower wedge resides underneath an 8- to 12-km thick elastic upper wedge and
extends to the interface with the rigid subducted slab. The lower wedge material exhibits a bulk power-law rheol-
ogy with n =3.76 + 0.39, Q = 82.2 + 37.73 kJl mol~!, and A = 107336=48_Other flow laws, such as bi-viscous
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Figure 6. Comparison between InSAR observations and time-series predictions from the best-fitting power-law and Maxwell model. (a) 6.5-year InSAR time-series
with selected locations (white and black crosses). Numbers (1-8) correspond to plots on the right (b—i). (b—i) Observed and predicted LOS displacement time-series
in the temporal domain at location in (a). Black dots: raw InSAR time-series. Red lines: logarithm fits of raw time-series; Green lines: predicted time-series from the
best-fitting power-law model (n = 3.6, Q = 70 kJ mol~!, and A = 107*#). Blue lines: predicted time-series from the best-fitting Maxwell model (7 = 8.4e+18).

Burger's rheology, might also be able to fit the decaying post-seismic deformation as well, as it invokes both
transient and steady-state viscosities. However, these possibilities are not tested in this study as we believe that
using power-law rheology allows more direct comparison between model-derived material properties and field
geological evidence. Similar post-seismic viscoelastic responses were observed in other plate boundary settings
such as southern California, western Chile, western Sumatra and eastern Tibet (Freed & Biirgmann, 2004; Pefia
et al., 2020; Pollitz et al., 2006; Ryder et al., 2007; Yamasaki & Houseman, 2012). Additionally, based on predic-
tions from numerical wedge evolution models by previous studies, our interpretation of a layered accretionary
prism rheology is consistent with field observations in the Makran region. For instance, in a numerical sandbox
model, Wenk and Huhn (2013) showed that a viscous layer within an accretionary wedge would lead to the
formation of a stable detachment, decoupling the brittle strata above and viscous materials below. This is in
consistent with the field observations that sequence of landward dipping faults (including the Hoshab) terminate
at a common unconformity at about 10-km depth (Ellouz-Zimmermann et al., 2007), within our estimation of the
ECPT depth in the region.

Our estimates of the lower wedge flow-law parameters (n, O, and A) suggest that the dominating deforma-
tion mechanism that controls the viscoelastic behavior of the Makran wedge is likely dislocation creep (n > 1)
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(Biirgmann & Dresen, 2008; Freed & Biirgmann, 2004; Hirth & Kohlstedt, 2003; Rybacki et al., 2006). This
type of crystal plastic deformation usually becomes dominant under comparatively high-temperature condition
(e.g., 300°-400°C for quartz, 450°-600°C for feldspar, Passchier & Trouw, 2013). Howeyver, in an accretionary
prism, the geothermal gradient is suppressed due to the presence of the “cold” oceanic lithosphere. In the case
of the Makran, the geothermal gradient is estimated to be in the range of 10°-20°C/km (Khan & Raza, 1986;
Peterson et al., 2018), which yields a temperature of 120°-240°C at our estimated ECPT depth. Under this ther-
mal condition, brittle fracturing or pressure solution are usually the dominant deformation mechanisms instead
of dislocation creep within minerals of partially metamorphosed sedimentary rocks (Burkhard, 1990; Kennedy &
Logan, 1998; Stipp et al., 2002; van Daalen et al., 1999).

The occurrence of low-temperature dislocation creep within the Makran accretionary prism that we hypothesize
is broadly consistent with the observed and inferred presence of fluid-saturated siliciclastic materials in the
MAP. Lithologically, the primary rock types in the Makran region are quartzolithic sandstones and mudstones
with minimal evidence of carbonates (Ahmed, 1969; Burg, 2018; Fruehn et al., 1997; Harms et al., 1984). The
MAP is additionally underlain by ~12 km thick of underplated sediments that introduce a fluid source (Platt
et al., 1985). The presence of fluids in the Makran is evidenced by field observations of dissolution struc-
tures, mud volcanoes, and high porosity from seismic surveys of coastal Makran (Fowler et al., 1985; Fruehn
et al., 1997; Schliiter et al., 2002; Snead, 1964; Wiedicke et al., 2001).

These geologic conditions in turn provide a means of comparison to laboratory tests of quartz deformation mech-
anisms. Dislocation creep in dry quartz requires temperatures of 300°—400°C that are too high for the MAP, but
this temperature can be reduced in the presence of fluids (Griggs & Blacic, 1965; Luan & Paterson, 1992; Post
et al.,, 1996). Laboratory hot-pressing experiments on synthetic quartz aggregates or natural quartzite reveal
that the activation energy (Q) of quartz is in the range of ~100-200 kJ mol~! (Gleason & Tullis, 1995; Hirth
et al., 2001; Luan & Paterson, 1992), which overlaps with our estimation of activation energy from the forward
simulations (82.2 + 37.73 kJ mol~!). Pre-exponential factor (A) estimated from our forward modeling (1073-36=46%)
is higher than the experimentally derived value (~10~'2, Hirth et al., 2001). This higher A value we estimate may
reflect the increase in water fugacity, which is embedded in A, as a result of fluid saturation (Jaoul et al., 1984;
Luan & Paterson, 1992; Post et al., 1996). Geological conditions, rock deformation experiments, and our FEM
simulation results thus suggest that post-seismic-driven dislocation creep is a plausible deformation mechanism
in the MAP.

One possible deformation mechanism that we did not investigate in this study is bulk cataclastic flow. Cataclastic
flow, or brittle creep (not to be confused with fault creep attributed to afterslip), is a mesoscopic ductile behavior
where deformation is accommodated by microscopic brittle processes, such as fracturing and frictional sliding
along or across individual grains (Passchier & Trouw, 2013; Pluijm & Marshak, 2010). It occurs commonly
within fault zones in the upper crust, where thermal condition and the effective normal stress between grains are
low. Given the depth and temperature range of our lower wedge layer, it is possible that brittle creep could occur
concurrently with our proposed dislocation creep during the post-seismic period. Previous studies, through both
laboratory experiments and numerical simulations, have shown evidence supporting co-occurrence of cataclas-
tic flow and plastic flow (Perfettini & Avouac, 2004; Reber et al., 2015; Tullis & Yund, 1987). Empirical laws
describing the time-dependent stress-strain rate relationship for cataclastic flow have also been developed in the
field of soil mechanics, and they generally suggest that strain rate is dependent on stress in the form of a power-
law or exponential function (Mesri et al., 1981; Singh & Mitchell, 1968). However, a joint forward model consid-
ering contributions from cataclastic flow and viscoelastic relaxation is not a trivial task, as it involves integrating
these constitutive relationships into the finite element modeling framework, which is beyond the scope of this
study. Therefore, the findings of this study present a simple scenario where plastic flow is the sole mechanism
resulting in the post-seismic deformation transients.

The presence of a viscous layer within accretionary prisms under low temperature condition has implications
on the regional earthquake hazard potential, long-term structural evolution, and hydrocarbon formations. For
instance, Onishi et al. (2001), Onishi and Kimura (1995) observed evidence for low temperature plastic flow that
are associated with the mélange formation in the Shimanto Belt, an ancient accretionary complex in southwest
Japan. Neglecting the viscous effects of the accretionary prism may also lead to biases in estimating the regional
seismic hazard potential, as plate coupling model are commonly inverted from interseismic GPS observations
into “back-slip” on the plate interface under the assumption of pure elastic wedge rheology. Here, we conducted
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Figure 8. Forward-modeled trench-normal profiles of total surface velocity after 200 years of interseismic loading. (a)
Models with varying back-slip rate but fixed locking depth of 30 km. (b) Models with varying locking depths but fixed
back-slip rate of 30 mm/year. Black solid line: reference model assuming power-law lower wedge rheology. Colored lines:
models with elastic lower wedge.

a series of simple forward back-slip models to illustrate how the wedge rheology can affect interseismic locking
estimation. We first constructed a 3-D subduction zone geometry similar to our post-seismic relaxation model
that includes the entire Arabic oceanic slab (Hayes et al., 2018). We assigned power-law viscoelastic rtheology to
the lower wedge using the estimated flow law parameters. We kept the upper wedge and oceanic slab to be elastic
and the mantle to exhibit linear Maxwell rheology. We prescribed a constant 30 mm/year back-slip rate on the top
of the slab above 30 km depth and drove the model for 200 years, after which we calculated the last-year surface
velocities. We set this model to be the reference model. We then followed the same procedures but assigned the
lower wedge to be elastic, and varied both the back-slip rate and the locking depth. We compared the last-year
surface velocities from these elastic forward models to the reference viscous model, and the results are shown
in Figure 8. We found that, in the case of the Makran, if the assumption of viscous lower wedge is valid, elastic
wedge models tend to slightly overestimate the degree of locking (back-slip rate) of the megathrust (Figure 8a),
and significantly overestimate the locking depth (Figure 8b). We also found that, when fixing the locking depth,
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a viscous wedge model produces an interseismic surface velocity pattern with longer spatial wavelength than the
elastic model. Although further analysis with comparison to interseismic GNSS data is needed to validate these
potential effects, our modeling results are consistent with previous subduction zone interseismic studies assuming
viscous continental mantle (Li et al., 2015, 2018; Wang et al., 2012).

5. Conclusions

The increasing volume of InSAR observations has allowed for monitoring post-seismic deformation following
large earthquakes with high spatial and temporal resolution. Using the 2013 Baluchistan earthquake as an exam-
ple, we are able to constrain the rheology structure and flow-law parameters within the Makran accretionary
prism combining geodetic time-series analysis and numerical modeling techniques. Our finding of a partially
viscous accretionary prism holds implications for reevaluating the seismic and tsunami hazard potential in the
region, as well as conventional wedge mechanical models invoking linear-elasticity, such as the dislocation Okada
solution. However, the Makran accretionary prism is a relatively rare case where the wedge is mostly exposed
subaerially, and the desert environment is ideal for InNSAR observation. To investigate the rheological properties
of other accretionary prisms, future implementation of sea floor geodetic measurements for submarine wedges
may help to determine whether the non-linear behavior of the Makran wedge occurs ubiquitously. In short, we
make several valuable conclusions from our investigation of the post-seismic deformation following the 2013
Baluchistan earthquake:

1. Non-linear viscoelastic relaxation of an earthquake stress-induced, low-viscosity zone within the lower
Makran accretionary prism (12—40 km deep) contributes to the 6.5-year post-seismic deformation following
the 2013 Baluchistan earthquake.

2. A transient low-viscosity zone forms along the interface between the Makran accretionary prism and
subducted slab, and relaxation of this zone likely contributes surface deformation that was interpreted by
others as post-seismic afterslip on the slab interface.

3. The elastic-crystal plastic transition depth in the Makran subduction zone likely lies between 8- and 12-km
depth. This is in consistent with the field observations of a common decollement near 10-km depth.

4. The estimated flow-law parameters of the lower Makran wedge (n = 3.76 + 0.39, Q = 82.2 + 37.73 kJ mol !,
and A = 107336=46%) uggest that the dominating deformation mechanism is likely low-temperature dislocation
creep of fluid-saturated siliciclastics.

5. The presence of a partially viscous accretionary prism affects the estimation of seismic hazard potential in the
region. Conventional elastic models tend to overestimate the locking depth and locking ratio when viscoelastic
effects are neglected. These findings are consistent with previous subduction zone interseismic studies.

Data Availability Statement

The Sentinel-1 data used to generate post-seismic InSAR time-series was downloaded from Alaska Satellite
Facility (ASF) Data Search Vertex (https://search.asf.alaska.edu/%23/). Several figures were generated using
the Generic Mapping Tool (Wessel et al., 2013). The mesh geometry, preferred power-law model, and raw
InSAR time-series are available as data supplements to this paper through Zenodo (https://doi.org/10.5281/
zenodo.7227610).
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