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Abstract we report Global Positioning System (GPS) measurements of postseismic deformation
following the 2015 M,,7.8 Gorkha (Nepal) earthquake, including previously unpublished data from 13
continuous GPS stations installed in southern Tibet shortly after the earthquake. We use variational
Bayesian Independent Component Analysis (vbICA) to extract the signal of postseismic deformation from
the GPS time series, revealing a broad displacement field extending >150 km northward from the rupture.
Kinematic inversions and dynamic forward models show that these displacements could have been
produced solely by afterslip on the Main Himalayan Thrust (MHT) but would require a broad distribution
of afterslip extending similarly far north. This would require the constitutive parameter (a — b)o to
decrease northward on the MHT to <0.05 MPa (an extreme sensitivity of creep rate to stress change) and
seems unlikely in light of the low interseismic coupling and high midcrustal temperatures beneath
southern Tibet. We conclude that the northward reach of postseismic deformation more likely results from
distributed viscoelastic relaxation, possibly in a midcrustal shear zone extending northward from the
seismogenic MHT. Assuming a shear zone 5-20 km thick, we estimate an effective shear-zone viscosity of
~3-10'°-3-10"7 Pa-s over the first 1.12 postseismic years. Near-field deformation can be more plausibly
explained by afterslip itself and implies (a — b)o ~ 0.5-1 MPa, consistent with other afterslip studies.
This near-field afterslip by itself would have re-increased the Coulomb stress by >0.05 MPa over >30% of
the Gorkha rupture zone in the first postseismic year, and deformation further north would have
compounded this reloading.

1. Introduction

The 25 April 2015 M,,7.8 Gorkha (Nepal) earthquake ruptured the lower (northern) edge of the interseismi-
cally locked portion of the Main Himalayan Thrust (MHT) just north of Kathmandu (Figure 1) (e.g., Avouac
et al., 2015; Galetzka et al., 2015). The Gorkha earthquake imparted substantial stress changes both to the
surrounding locked portion of the MHT and to its northward extension beneath the Himalaya and Tibet
(Figure 2), on which deformation likely occurs aseismically (Figure 1a) as distributed shear and/or brittle
fault creep (e.g., Ader et al., 2012; Cattin & Avouac, 2000). These northward stress changes induced transient
postseismic deformation that was detectable in geodetic data (e.g., Wang & Fialko, 2018; Zhao et al., 2017).
This postseismic deformation can provide insight into the rheology of the crust beneath the Himalaya and
Tibet, which is crucial to understand particularly as this northward extension in turn assists in the stress
loading of the seismogenic MHT to the south.

However, the data used in previous studies of post-Gorkha deformation provided limited resolution of this
key region north of the rupture: Global Positioning System (GPS) data (Figures 1a and 1b, open squares)
were either confined to Nepal (Gualandi et al., 2017; Ingleby et al., 2020; Jouanne et al., 2019; Wang &
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Figure 1. (a) The Gorkha earthquake and distribution of GPS stations in Nepal and Tibet. Color shading: Interseismic coupling on the MHT (Stevens &
Avouac, 2015). Gray/blue stars, patches, and outlines: Epicenters, Elliott et al. (2016) slip distributions, and >0.25-m-slip areas of the mainshock/M, = 7.3
aftershock. Brown area: Possible stable-sliding region in between. Empty/filled squares: Previously published/unpublished stations. (b) Regional tectonic setting
and GPS network. (c) Cross section of MHT geometry extended from Elliott et al. (2016), colored by coupling coefficient.
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Figure 2. (a) Shear, (b) normal, and (c) Coulomb stress changes imparted to the surrounding MHT by the mainshock and My,7.3 aftershock, calculated using the
Elliott et al. (2016) source models for both. Here and throughout this study, Coulomb stress changes are computed assuming an effective friction of 0.6.
K = Kathmandu.

Fialko, 2018) or located hundreds of km from the rupture in Tibet (Jiang et al., 2018; Tian et al., 2020; Zhao
et al., 2017), and Interferometric Synthetic Aperture Radar (InSAR) coverage was inhibited by atmospheric
interference over the Himalaya (Ingleby et al., 2020; Wang & Fialko, 2018). In part due to this limited reso-
lution, these studies reached varied conclusions about what this postseismic deformation to the north actu-
ally entailed: Some inferred or assumed that frictional afterslip was the dominant deformation process
(Gualandi et al., 2017; Ingleby et al., 2020; Jiang et al., 2018; Jouanne et al., 2019; Sreejith et al., 2016;
Wang & Fialko, 2018), while others inferred a combination of afterslip and distributed viscoelastic relaxation
(Jouanne et al., 2019; Tian et al., 2020; Zhao et al., 2017). Here we present previously unpublished data from
13 continuous GPS stations installed within ~250 km of the rupture in southern Tibet shortly after the earth-
quake (Figures 1a and 1b, filled squares) and use these data to place sharper constraints on the rheology of
the Himalaya and Tibet.

2. Data Processing and Postseismic Signal Extraction
We process and prepare the data in a multi-step procedure as follows (Figures 3-7).

1. We process raw GPS data from the 13 new stations along with 14 other stations in Tibet operated by
the Crustal Movement Observation Network of China (CMONOC), 37 regional UNAVCO stations,
and 828 IGS worldwide stations. We use GAMIT/GLOBK (Herring et al., 2015) to produce daily posi-
tion time series in ITRF2008 (Supporting Information S1; Figures 3 and 4, light gray) (Altamimi
et al., 2011). The data set as a whole span from January 2010 to June 2016, with temporal coverage
varying from station to station. We use the data from stations within 1,000 km of the mainshock epi-
center and add time series from the Nevada Geodetic Laboratory (NGL) (Blewitt et al., 2018) at stations
within this radius that are not included in the processed set, yielding a total of 168 stations (Figures la
and 1b, squares) including the 13 in southern Tibet (filled squares). The GAMIT/GLOBK-processed
and NGL time series are comparable within uncertainties at stations included in both data sets (see
Data Availability Statement, #4).

2. We convert these ITRF2008 time series to a fixed-India reference frame. The time series contain sig-
nals from steady interseismic motion (e.g., Ader et al., 2012), seasonal oscillations (Bettinelli
et al., 2008), offsets from station maintenance, coseismic and postseismic deformation of the 2011
M,,6.9 Sikkim earthquake (Chopra et al., 2014), coseismic offsets from the Gorkha earthquake and
the M, 7.3 aftershock of 12 May 2015 (Figure 1a, blue), and finally, the signal of post-Gorkha defor-
mation. To estimate any of these signals in any time period with minimal bias requires estimating all
of the signals present in that time period. To convert to a fixed-India reference frame specifically
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Figure 3. Decomposition of GPS time series (section 2) for stations CHLM and XBAR in Nepal and CANA in Tibet. Vertical dashed lines show the time of the
Gorkha earthquake (2015.31). (XBAR and CANA began recording in mid-2015.)
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Figure 4. Decomposition of GPS time series (section 2) for station KKN4 in Nepal and TULO and JILZ in Tibet. (TULO and JILZ began recording in mid-
2015.)
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Figure 5. GPS station velocities relative to fixed India. Black arrows (top) and large circles (bottom) indicate horizontal and vertical interseismic velocities
from literature (section 2). Red arrows (top) and small circles (bottom) indicate horizontal and vertical interseismic velocities at the continuous GPS stations
considered in this study (orange lines in Figures 3 and 4). At stations with >1 yr of pre-Gorkha we calculate the velocities from trajectory models; at the remaining
stations we interpolate from these velocities by kriging (section 2).

requires estimating (and removing) the signals of steady Indian plate motion within ITRF2008. To do
so, we fit the pre-Gorkha-earthquake portions of continuous NGL time series at stations located on
stable India (north, east, and up components separately) to “trajectory” models (e.g., Bevis &
Brown, 2014),
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Figure 6. (a) Cumulative 1.12-yr postseismic GPS displacements (filled circles and black arrows) from the first postseismic Independent Component (IC) after
correcting for other signals (section 2). Black ellipses: One-sigma uncertainties in cumulative horizontals. Color shading: Estimated temperature along the
MHT from averaging the thermal models of Henry et al. (1997) and Herman et al. (2010) and interpolating onto the Elliott et al. (2016) MHT geometry. Gray/blue
stars and outlines: Epicenters and >0.25-m-slip areas of the mainshock/M,,7.3 aftershock. Bold text indicates new stations. (b) Cross section of MHT geometry and
estimated temperature. (¢, d) Non-dimensionalized and normalized temporal functions of the first two postseismic ICs (of which we only use the first). Blue
dashed lines: Time of the My,7.3 aftershock.
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used in this study (red arrows), and displacements over 1.12 yr from horizontal interseismic velocities from literature (gray arrows). Colored circles: Interseismic
vertical velocities (yr_l). Inner rectangle indicates area covered by Figures 6a (and 1a).

x(t) = my + mat + mssin(2mt) + mycos(2mt) + mssin(4mnt) + mgcos(4nt) + myH(t — tsk)

+mgH(t—tSK)<1—exp(— >) + Y mH(t - t;),

= lsk M

mg

in which m, is a reference position, m, is a secular (interseismic) velocity, ms and m, are coefficients of
an annual oscillation, ms and mg are coefficients of a semiannual oscillation, m, is the amplitude of a
Heaviside step function representing the coseismic offset in the 2011 Sikkim earthquake, mg is the
amplitude of postseismic deformation of the Sikkim earthquake with characteristic time mq, and m;
are the amplitudes of Heaviside functions representing offsets from other earthquakes and station
maintenance. We take the estimated horizontal secular velocities at these stations, merge these with
nearby GPS velocities (in ITRF2008) from literature (Ader et al., 2012; Banerjee & Biirgmann, 2002;
Bettinelli et al., 2006; Calais et al., 2006; Chlieh et al., 2008; Duong et al., 2006; Gahalaut et al., 2013;
Gan et al.,, 2007; Gupta et al., 2015; He et al., 2013; Hsu et al., 2009; Ischuk et al., 2013; Jade, 2004; Jade
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et al., 2007, 2011, 2014; Jouanne et al., 2014; Jouanne et al., 2017; Kundu et al., 2014; Liang et al., 2013;
Mahesh et al., 2012; Marechal et al., 2016; Maurin et al., 2010; Mohadjer et al., 2010; Mukul et al., 2010;
Ponraj et al., 2011; Schiffman et al., 2013; Simons et al., 2007; Socquet et al., 2006; Steckler et al., 2016;
Szeliga et al., 2012; Tang et al., 2010; Wang et al., 2014; Yang et al., 2008; Zubovich et al., 2010), and fit
the merged velocity field to a model of rotation about an Euler pole using a least squares method (Ader
et al., 2012). The best fitting pole is at 51.72 + 0.01°N, 1.33 + 0.06°E and has angular velocity
0.5118 + 0.0002°/Myr. We then subtract the predicted linear trends from this rotation (Figures 3 and
4, red) from the time series of all 168 stations, yielding position time series relative to fixed India.

. We next remove India-relative interseismic motion from the time series. At stations with at least 1 yr of

pre-Gorkha data (69 total), we fit the pre-Gorkha portions of the India-relative time series to a new set of
trajectory models with the same terms. We spatially interpolate the estimated velocities to the other 99
stations by kriging (Gualandi et al., 2017). Figure 5 shows that the interpolated India-relative velocities
(red arrows and small circles) compare well with India-relative velocities at nearby stations from the lit-
erature (black arrows and large circles). We detrend all time series by subtracting the linear trends
(Figures 3 and 4, orange) of the interpolated India-relative motions and also remove (pre-Gorkha) offsets
estimated from this second set of trajectory models.

. We next characterize and remove seasonal deformation. We select the pre-Gorkha portions of the

detrended time series at the 30 stations that have coverage over at least 50% of the pre-Gorkha time period.
Rather than using a trajectory model with sinusoids, which would assume a perfect regularity to seasonal
oscillations, we estimate these signals by applying variational Bayesian Independent Component
Analysis (vbICA) (Choudrey & Roberts, 2003; Gualandi et al., 2016, 2017), which has been used success-
fully in previous studies of seasonal strain in the Himalaya (Larochelle et al., 2018). This method divides
the time series into a limited number of Independent Components (ICs), each characterized by a tem-
poral function V; that is statistically independent of the temporal functions of other ICs, and character-
ized by a spatial distribution U; and weighted by a factor S; such that

X~ USVT, )

where X is the set of detrended and centered (i.e., with zero mean) time series at these 30 stations. Five
ICs are extracted (Figure S1), and frequency analysis of their temporal functions (Figure S2) shows that
four of them describe seasonal deformation and the fifth likely describes the postseismic deformation
of the 2011 Sikkim earthquake.

. We project each of the four seasonal ICs' temporal functions forward in time by computing their sample

mean and variance on each day of the year in the pre-Gorkha period and assuming that the same mean
and variance apply on that day of the year in the post-Gorkha period. We interpolate the spatial mappings
U of these four ICs to all 168 stations (Gualandi et al., 2017) and multiply the interpolated U, the weights
S, and these forward-projected functions V to yield estimated seasonal motions at all stations over the
2010-2016 period (Figures 3 and 4, green). We then subtract these from the time series (Figures 3 and
4, dark gray).

. We then correct the post-Gorkha portions of these time series for the M,,7.3 aftershock of 12 May 2015

and other post-Gorkha instrumental offsets by subtracting the difference between the positions on the
day after and before each offset (Figures 3 and 4, blue).

. Finally, to better isolate the postseismic signals from seasonal deformation, we perform a second vbICA

on these corrected post-Gorkha time series at the 67 stations that have data over >20% of the postseismic
period. (Ingleby et al., 2020, similarly performed a second decomposition to remove residual seasonal
motion.) The first IC from this second vbICA (weight 1,273 mm), referred to hereafter as the “first post-
seismic IC,” explains ~60% of the data variance of the corrected time series, and its temporal function has
the characteristic decaying form of postseismic deformation (Figure 6¢). We interpret the second post-
seismic IC (weight 997 mm) as representing residual seasonal motion (Figure 6d).

The final “data set” thus consists of the first postseismic IC at the 67 stations with data over >20% of the 1.12-
yr postseismic period (Figures 3 and 4, black). It reveals a broad deformation field extending northward from
the rupture into Tibet (Figures 6a and 7), featuring mainly south-southwest horizontal motion and decaying
northward. Cumulative 1.12-yr postseismic displacements decrease from >7 cm horizontal and >5 cm ver-
tical motion just north of the rupture to <2 cm horizontal motion and minimal vertical motion ~150 km to
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the north. The 1.12-yr postseismic displacements dwarf the interseismic motions that would be expected
over 1.12 yr in the epicentral area (Figure 7).

3. Kinematic (Inverse) Modeling of Afterslip

To test whether post-Gorkha deformation may have been dominantly produced by afterslip (Gualandi
et al., 2017; Ingleby et al., 2020; Jiang et al., 2018; Sreejith et al., 2016; Wang & Fialko, 2018), we invert
the spatial distribution U of the first postseismic IC to derive a kinematic model of afterslip on the MHT.
We use the ramp-flat-ramp-flat geometry for the MHT from Elliott et al. (2016), extended ~200 km further
downdip and further along strike in each direction (Figures 1a and 1c), similar to Jiang et al. (2018). We
adapt the PCAIM linear inversion procedure (Kositsky & Avouac, 2010) for the use of vbICA and use the reg-
ularization method of Radiguet et al. (2011), where the a priori model covariance between subdivided
patches decreases exponentially with distance.

Figure 8a shows our preferred kinematic afterslip model, in which both dip slip and strike slip are
allowed and unbounded, as in Gualandi et al. (2017). It shows that the broad postseismic deformation
field can be fit to afterslip provided that the afterslip extended >100 km north of the coseismic rupture
on the lower flat of the MHT (Figure 8b). This result is also seen in models that constrain the slip rake
or use a planar MHT geometry (Figure S3). The preferred model also features substantial afterslip on
the lower ramp just north of the rupture and on a section between the mainshock and largest after-
shock that likely did not slip in either event (brown dashed region) and has been postulated to have
a stable-sliding rheology (e.g., Ader et al., 2012; Lindsey et al., 2015). We infer some possible overlap
between coseismic and postseismic slip at the lower edge of the coseismic rupture (Figure 8a), and
minimal deformation updip, west and east of the rupture, consistent with Wang and Fialko (2018)
and Zhao et al. (2017). Some shallow strike-slip afterslip is inferred from the vertical motions at
KKN4, NAST, and MKLU and the eastward motion at MKLU, but this slip is likely not real
(Supporting Information S1).

4. Implications for Fault Friction

We use the preferred kinematic afterslip model and the theory of steady-state frictional sliding to estimate
O
dln(v)
of the steady-state friction coefficient u to the sliding rate v. Here a and b are frictional parameters; a > b
denotes a rate-strengthening rheology favoring stable creep, and a < b denotes a rate-weakening rheology
allowing slip to become unstable and seismic. Note that only the product (a — b)o, where o is the effective
normal stress, can be estimated using afterslip observations (Perfettini & Avouac, 2004). Similar analyses
have been conducted for post-Gorkha deformation by Wang and Fialko (2018), Ingleby et al. (2020), and
Tian et al. (2020), who refer to (a — b)o as ao, and by Jouanne et al. (2019), who refers to it as (a — b)o as

we do here.

the frictional properties on the MHT. The constitutive parameter a — b = quantifies the sensitivity

We estimate (a — b)o in two complementary ways. The first approach (Figure 9c) compares the initial accel-
eration in creep rates to the coseismic stress changes that induced it. We quantify the initial acceleration on

Vv
each patch of the faultas d = V—+ (Figure 9b), where V¢ is the interseismic creep rate and V, is the sliding
c

velocity immediately after the earthquake, and we estimate this ratio from the spatiotemporal evolution of
the first postseismic IC (Figure 6¢). Then, following Perfettini and Avouac (2004),

ACFF

(@=bjo =7

3
where ACFF is the coseismic Coulomb stress change, which we calculate (Figure 2c) using the Elliott
et al. (2016) slip models for the Gorkha earthquake and the M,,7.3 aftershock.

The second approach (Figure 9f) estimates the frictional properties from how the afterslip rates decayed over
time, which we quantify using ¢,, the relaxation time of each patch, as in Gualandi et al. (2017) (Figure 9e).
Then, following Perfettini and Avouac (2004, 2007),
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Figure 8. Preferred kinematic afterslip model (section 3). (a) Cumulative 1.12-yr afterslip (brown patches) and displacements. Brown arrows: Slip vectors for
patches with >9 cm slip (maximum slip is 26 cm). Black and white arrows: Observed and predicted horizontal displacements. Small/large colored circles:
Observed/predicted vertical displacements. Gray/blue stars and outlines: Epicenters and >0.25-m-slip areas of the mainshock/My,7.3 aftershock. Dashed brown
region: Possible stable-sliding region in between. Gray filled circles: M>3 aftershocks through May 2016 (Baillard et al., 2017; Yamada et al., 2020). (b) Cross

section of afterslip magnitude along profile A-A’, overlaid on estimated temperature.
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Figure 9. Estimates of (a — b)o (section 3) using the kinematic afterslip model (Figure 8). (a) Long-term sliding rate V¢ derived from the interseismic coupling
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where W is the characteristic size of the region of afterslip, for which we use 50 km based on the size of
the major features in the kinematic model (Figure 8a), and G and V¢ are the shear modulus and interseis-
mic creep rate along each patch (Figures 9d and 9a).

The coseismic stress change decreases rapidly northward from the rupture (Figure 2), and the ACFF-
based estimate of (a — b)o (Equation 3 and Figure 9c) shows that in order for this stress change to have
induced a sufficient change in creep rates to ultimately yield the kinematic afterslip distribution in
1.12 yr, (@ — b)o would need to decrease northward from ~0.5 MPa around the rupture to
<0.05 MPa on the lower flat. Because this approach ignores the dynamic stress changes from afterslip
itself, which could have enhanced its northward propagation, the estimated values of (a — b)o may
be a lower bound. Nevertheless, the t,-based estimate (Equation 4 and Figure 9f) agrees that (a — b)o
would need to be <0.05 MPa on the lower flat in order for afterslip to have filled out such a large
region while decaying in time like the first postseismic IC.

5. Dynamic Forward Afterslip Models

To test whether these kinematic models and interpretations are physically realistic, we use dynamic forward
modeling to evaluate whether afterslip driven by coseismic and propagating stress changes could reproduce
the postseismic displacements under plausible frictional conditions (e.g., Thomas et al., 2017). We use Relax
(Barbot & Fialko, 2010a, 2010b), in which the constitutive law for stress-driven afterslip is a regularized form
of the steady-state rate-strengthening friction law used above,

v = 2vpsinh ((afifb)a)’ ©)

where v, and v are respectively the sliding velocities before and after a shear stress change At is applied
A
(Barbot et al., 2009). (The law used previously would give v = voexp <ﬁ), which is equivalent to

ACFF
(a=Db)o
Avouac, 2007], particularly as most of the coseismic stress changes are shear [Figure 2].) Due to the scant
evidence of deformation updip of the rupture, we only simulate afterslip downdip of it. The models
include the M,,7.3 aftershock, and we allow afterslip on the possible stable-sliding region between the
mainshock and aftershock (Figure 8a, dashed brown region; Supporting Information S2). We evaluate
the model misfit using the time-integrated weighted root-mean-square error,

(4) except at small velocities, or v = voexp( ), which is also essentially equivalent [Perfettini &

X 1 T ~—1
N - N(dobs - dmod) Cd (dobs - dmud)» (6)
and the variance reduction,
VR = (dobs - dmod)T(dobs - dmod) (dgbsdobs)_l X 100(%)7 (7)

where d,p; and d,,,,g are respectively the concatenated vectors of observed and predicted three-component
displacement time series from all stations, N is their length, and Cj is a diagonal matrix of which the diag-
onal is the concatenated vector of data variance time series estimated from the vbICA applied to the post-
seismic timespan, doubled to account for uncertainties in the previous steps in the processing (1.12-yr
values shown as ellipses in Figure 6a).

We first try a model with a uniform (a — b)o of 1 MPa, in the range inferred in other studies of afterslip
(Barbot et al., 2009; Perfettini & Avouac, 2004, 2007; Thomas et al., 2017), and vy = 20 mm/yr, the approx-
imate interseismic convergence rate (Stevens & Avouac, 2015). This model (Figure 10), which we refer to
hereafter as the “basic forward afterslip model,” reproduces some of the south-southwest horizontal
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Figure 10. “Basic” forward afterslip model, in which (a — b)o = 1 MPa and vy = 20 mm/yr. (a) Cumulative 1.12-yr afterslip (brown) and surface displacements.
Black/white arrows: Observed/predicted horizontal displacements. Colored circles/contours: Observed/predicted vertical displacements. Gray/blue stars and

patches: Epicenters and slip in mainshock/My,7.3 aftershock. (b) ACFF imparted by this afterslip to the coseismic rupture zone. (c—f) Observed (black/gray) and
predicted (brown) displacement time series at DNC4 and XBAR. Blue dashed lines: Time of My,7.3 aftershock.
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motion in the near field and most of the >5 cm of uplift at stations DNC4 and XBAR, with afterslip in
between the mainshock and aftershock driving localized uplift at XBAR (Figures 10a and 10e). However,
the model has two major shortcomings. First, the afterslip decays sharply northward from the downdip edge
of the mainshock and produces very little displacement to the north in Tibet (Figure 10a), resulting in a poor
overall fit to the GPS ()(2/N = 4.40, VR = 33%; Table S1). Second, the model predicts that near-field stations
would have a higher ratio of uplift to horizontal motion than observed in the data (Figures 10b and 10e). This
ratio is also too high in models that use a planar MHT geometry. Because the ratios of near-field to far-field
motion and near-field vertical to horizontal motion are both too high, increasing vy to fit the near-field hor-
izontals, for example, causes models to overpredict the near-field verticals while still underpredicting the
far-field horizontals (Figure S4). The same is seen in a model in which vy = 20 mm/yr and (a — b)o is lowered
to 0.5 MPa (Figure S5).

A larger value of (a — b)o would in principle reduce the ratio of near-field to far-field afterslip because the

functionsinh ( cr) is strongly convex upward and increasing (a — b)o proportionally reduces it at large

AT
(a—b)
At (near-field) compared to small Az (far-field). In particular, Jouanne et al. (2019) and Wang and
Fialko (2018) respectively found that the best fitting (a — b)o values to characterize post-Gorkha afterslip
were 6.5 and 22 MPa, and Tian et al. (2020) used (a — b)o = 5 MPa. A potential drawback is that a larger
(a — b)o requires invoking a larger reference creep rate vy: Jouanne et al. (2019), Tian et al. (2020), and
Wang and Fialko (2018) respectively inferred vy = 3.2 X 10~7 m/s (10 m/yr), 0.2 m/yr, and 4.5 X 10”7 m/s
(14 m/yr), much faster than the 20 mm/yr convergence rate. While acceleration by dynamic stresses could
in theory account for some of this difference (Perfettini & Avouac, 2007), previous afterslip studies using
the formalism of Equation 5 respectively inferred vy ~ 20 mm/yr for the Parkfield section of the
San Andreas Fault (Barbot et al., 2009) and vy & 5 mm/yr for the Bam (Iran) region (Wimpenny et al., 2017),
comparable to the interseismic deformation rate in both cases, and it is questionable whether the physics of
afterslip on the MHT would allow vy to be the order of m/yr there. In fact, though, we find that models with a
higher (a — b)o have shortcomings in fitting the data regardless of physical interpretation. A model
with (a — b)o = 10 MPa and vy ~ 1 m/yr overpredicts the near-field uplift (Figure S6a) while still underpre-
dicting the displacements in Tibet, and it produces displacements that decay gradually in time as well as
space, unlike the time evolution of the data (Figures S6b and S6c¢). Even an extreme model with
(a — b)o = 100 MPa and vy ~ 10 m/yr has the same limitations (Figure S7). This suggests that no afterslip
model with uniform frictional properties can reproduce the northward reach of deformation.

We next hypothesize that vy might vary spatially. In particular, a northward increase in v, would also pro-
portionally promote afterslip to the north (Equation 4). We try a model in which (a — b)o = 0.5 MPa and
Vo increases northward following the interseismic creep rate (Figure 9a) (averaged laterally along the
MHT). Compared to the model with (a — b)o = 0.5 MPa and v, = 20 mm/yr (Figure S6), the lower v, values
around the rupture in this model suppress slip and near-field deformation, and it does not overpredict the
near-field vertical displacements (Figure S8a). However, it still underpredicts the horizontal displacements
in Tibet (Figure S8a), inhibiting the total fit (/N = 3.70, VR = 41%).

This suggests that the postseismic displacement field could have been solely produced by afterslip if and only
if (a — b)o decreases northward on the MHT, as inferred in the kinematic estimate using ACFF (Figure 8c).
A
(Mathematically, this would reduce the denominator of sinh (4(51 Tb)cr) to the north, further proportionally
promoting afterslip there.) We find that a model with uniform vy = 35 mm/yr and (a — b)o decreasing north-
ward from 1 to 0.01 MPa can fit the horizontal displacement field (Figure 11a) and provide a better overall fit
to the three components of the data (¥*/N = 0.79, VR = 78%). We hereafter call this the “maximal forward
afterslip model.” A model with (a — b)o decreasing downdip from 0.5 to 0.01 MPa and v, scaling with the
laterally averaged interseismic creep rate, increasing northward to a maximum of 35 mm/yr (Figure S9), fits

the data nearly equally well (4*/N = 0.79, VR = 76%).

However, neither of these models is physically convincing. As the Gorkha earthquake ruptured the north
edge of the locked portion of the MHT (Figure 1a), (@ — b)o should in principle increase northward from
the rupture, not decrease northward, as it transitions from negative (rate-weakening) to positive (rate-
strengthening) values. This is also predicted (and may be caused) by the northward increase in
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Figure 11. “Maximal” forward afterslip model, in which (a — b)o decreases downdip (values in gray) and vy = 35 mm/yr. (a) Cumulative 1.12-yr slip (brown) and
displacements. Black/white arrows: Observed/predicted horizontal displacements. Colored circles and contours: Observed and predicted vertical displacements.

Gray/blue stars and patches: Epicenters and slip in the mainshock/M,7.3 aftershock. (b) ACFF imparted by this afterslip to the coseismic rupture zone. (c—f)
Observed (black/gray) and predicted (brown) displacement time series at DNC4 and XBAR. Blue dashed lines: Time of My,7.3 aftershock.
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temperature along the MHT (Figure 6a), which would be expected to enhance rate-strengthening behavior
(Blanpied et al., 1991; den Hartog et al., 2012) rather than allowing (a — b)o to decrease to near zero. The
temperature distribution casts further doubt on these broad afterslip models because midcrustal tempera-
tures along the northward continuation of the MHT likely exceed 600°C (Herman et al., 2010; Wang
et al., 2013) (Figures 6a and 6e), well above the typical 250-400°C temperature range for frictional afterslip
(Blanpied et al., 1991; Thomas et al., 2017). At such temperatures ductile flow should be the dominant defor-
mation mechanism.

6. Viscoelastic Relaxation in a Midcrustal Shear Zone

It therefore seems likely that the northward reach of the postseismic signal is at least partially the product of
distributed viscoelastic relaxation. The MHT may extend north of the high Himalaya as a subhorizontal duc-
tile shear zone (e.g., Bollinger et al., 2006; Cattin & Avouac, 2000), which could have viscoelastically relaxed
the stress changes in the Gorkha earthquake, as hypothesized by Jouanne et al. (2019). We further test this
hypothesis and assess the effective rheology of such a shear zone that is needed to explain the postseismic
deformation revealed by the new data.

We note that our preferred kinematic and maximal forward afterslip models (Figures 8 and 11) already
provide estimates of the displacement distributions on the extended MHT that are required to fit the post-
seismic data. Making use of this, we estimate the effective viscosities that would be implied by represent-
ing the MHT as a shear zone (Figures 12e and 12f) and assuming that these afterslip distributions
represent the total 1.12-yr displacements between the top and bottom of the shear zone at each location.
Dividing these distributions by the assumed shear-zone thickness and by 1.12 yr yields the distribution of
strain rate across the shear zone averaged over that timespan. Then, dividing the shear stress change
imparted by the mainshock and M,7.3 aftershock (Figure 2a) by this strain rate distribution yields the dis-
tribution of effective viscosity over the first 1.12 postseismic years. Assuming a 5-km-thick shear zone, the
kinematic afterslip model (Figure 8) is equivalent to a distribution of effective viscosity that decreases
northward from ~10'® Pa-s around the coseismic rupture to ~3-10'® Pa-s ~100 km further north
(Figure 12a). The maximal forward afterslip model (Figure 11) is equivalent to an effective viscosity
distribution that decreases northward more gradually to ~10"7 Pa-s (Figure 12c). The effective viscosities
would be four times higher if the shear zone were 20 km rather than 5 km thick: The kinematic and max-
imal forward afterslip models would respectively imply minimum viscosities of ~10'” Pa-s (Figure 12b)
and ~3-10"7 Pa-s (Figure 12d). Although Jouanne et al. (2019) found that the best fitting width for a shear
zone was ~3-4 km using post-Gorkha GPS data in Nepal, the estimated thermal structure (Figures 12e,
12g, and 12h) implies that a thermally activated shear zone would in fact likely increase northward in
effective width, and so the 20-km-wide shear-zone models may be more realistic than the 5-km-wide
models toward the north.

We can also estimate the effective viscosity from the preferred kinematic afterslip model by using the
relaxation time ¢, derived from the temporal decay of postseismic displacement (Figure 9e). Frictional
afterslip and viscoelastic relaxation respectively predict that the time evolution of postseismic displace-
ment should follow a logarithmic and an exponential function. We can determine the viscosity needed
so that the two models would have the same first term in their Taylor expansions by multiplying ¢, by
the shear modulus G (Figure 9d). This yields estimated effective viscosities of ~5.10"7 to ~10'® Pa-s
(Figure 12f), on the upper end of the values from the previous approach. One caveat is that this esti-
mate relies on the temporal evolution of postseismic displacement, which was estimated from a single
IC that is mostly influenced by near-field stations with larger postseismic signals. The previous
shear-zone models (Figures 12a-12d), by contrast, are not sensitive to this aspect of the estimation.

7. Discussion and Conclusions
7.1. The Northward Reach of Postseismic Deformation and Its Implications
The new data assembled in this study reveal that postseismic deformation of the Gorkha earthquake

extended >150 km north from the rupture into southern Tibet (Figures 3, 4, and 6a). This fills a gap between
the near-field GPS and InSAR data used by most previous studies (Gualandi et al., 2017; Ingleby et al., 2020;
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Figure 12. Estimated distributions of effective viscosity derived by equating the distributions of cumulative slip in the afterslip models to integrated shear across a
viscous shear zone (section 6). (a, b) Effective viscosities derived from the distribution of slip in the preferred kinematic afterslip model (Figure 8), assuming

a shear-zone width of 5 km (a) or 20 km (b). (c, d) Same as (c) except derived from the maximal forward afterslip model (Figure 11). (e) Estimated temperature on
the MHT (Figure 6a). (f) Effective viscosities estimated using ¢,, the estimated relaxation time of each patch in the kinematic afterslip model. (g) Cross

sections of the estimated shear-zone viscosities in (a) and (b) (which are separate models) overlaid on the estimated temperature distribution. (h) The same as
(e) except for the shear-zone models in (c) and (d).
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Jouanne et al., 2019; Sreejith et al., 2016; Wang & Fialko, 2018) and the far-field GPS deformation included in
the analyses of Jiang et al. (2018), Tian et al. (2020), and Zhao et al. (2017), allowing us to more clearly dis-
tinguish between possible causative processes. We infer, in agreement with Tian et al. (2020) and Zhao
et al. (2017), that post-Gorkha deformation comprised a mix of afterslip and viscoelastic relaxation, with
afterslip explaining features of the near-field deformation and viscoelastic relaxation contributing more in
the far field.

Inverse and forward models (Figures 8 and 11) show that the broad pattern of post-Gorkha deformation
could have been produced solely by afterslip on the MHT if and only if the afterslip extended >100 km north
from the rupture. This would require the constitutive parameter (a — b)o to decrease northward to
<0.05 MPa (Figures 9c, 9f, and 11). Models with larger values of (a — b)o on the lower flat of the MHT, or
with (a — b)o assumed spatially uniform, do not reproduce the northward reach of postseismic displace-
ments or their time evolution (Figures 10 and S4-S8). A value of <0.05 MPa for (a — b)o is well below the
values of 0.5-1.5 MPa commonly inferred from afterslip observations (e.g., Barbot et al., 2009; Perfettini &
Avouac, 2004, 2007; Thomas et al., 2017). Such low (a — b)o values would imply an extreme sensitivity of
sliding rate to stress change (i.e., that slip is barely aseismic), which seems unlikely as the interseismic cou-
pling distribution (Figure 1a) and the high midcrustal temperatures to the north (Figures 6a and 6b) imply
that the northward continuation of the MHT should be stably deforming (Figure 9a). Gualandi et al. (2014)
estimated a comparably low value of (a — b)o for afterslip of the 2009 L'Aquila earthquake, but that afterslip
occurred in a transition from rate-weakening to rate-strengthening behavior, whereas here it would presum-
ably be tens of km north of that transition on the MHT (Figure 1a). More fundamentally, temperatures likely
exceed 600°C on the lower flat beneath Tibet, well above the 250-400°C range optimal for afterslip to occur
at all (Blanpied et al., 1991; Perfettini & Avouac, 2004).

This reductio ad absurdum suggests that distributed viscoelastic relaxation is a more plausible mechanism to
explain the northward reach of surface displacements (section 6). This is consistent with findings from stu-
dies of postseismic deformation following many subduction zone earthquakes (e.g., Freed et al., 2017; Klein
et al., 2016; Qiu et al., 2018; Suito & Freymueller, 2009; Weiss et al., 2019) and large earthquakes in most tec-
tonic environments (Freed et al., 2006; Gualandi et al., 2020; Wright et al., 2013). In the post-Gorkha case,
this viscoelastic relaxation could occur within a shear zone that accommodates India-Tibet convergence
as the northward continuation of the brittle MHT (e.g., Cattin & Avouac, 2000; Jouanne et al., 2019). We
use the distributions of cumulative slip in our preferred kinematic and maximal forward afterslip models
as estimates of the postseismic displacement that would be required across this shear zone and use this to
estimate its effective postseismic viscosity. These models imply that the effective viscosity would decrease
northward from 10'*-10" Pa-s around the rupture to ~3-10'°~10"® Pa-s ~150 km north, depending on the
effective width of the shear zone and the estimation method (Figure 12).

Among previous studies of post-Gorkha deformation, Jouanne et al. (2019) also modeled a shear zone
extending northward from the MHT and inferred an effective postseismic viscosity of 10'° Pa-s for the shear
zone using GPS data in Nepal (acknowledging that the limitations of their data set made the contribution of
viscoelastic relaxation difficult to distinguish). We note that Jouanne et al. inferred an optimal shear-zone
width of 3-4 km, which would require a higher strain rate across the shear zone and thus a lower effective
viscosity. Wang and Fialko (2018), Tian et al. (2020), and Zhao et al. (2017) modeled viscoelastic relaxation in
a ductile layer below the northward extension of the MHT rather than continuing northward from it; of
these, Wang and Fialko (2018) and Zhao et al. (2017) respectively inferred transient viscosities of ~8-10'®
and >>10"® Pa-s for this layer, and Tian et al. (2020) (who used longer time series) inferred a transient visc-
osity of 5-10" Pa-s. Among other studies on the Tibetan Plateau, Huang et al. (2014) and Ryder et al. (2011)
inferred transient viscosities of 9-10*” and 4.4-10"7 Pa-s from postseismic deformation following the 2001
Kokoxili and 2008 Wenchuan earthquakes, respectively. In comparing our viscosity estimates with these,
four caveats are worth noting. First, our estimates ignore the possible contribution of afterslip, which may
in particular have occurred around the downdip edge of the rupture (see below). Second, they ignore the
dynamic propagating stress changes from viscoelastic relaxation, as well as those induced by any afterslip.
These two caveats imply that the true effective postseismic viscosities may be somewhat higher than esti-
mated here. Third, we characterize the postseismic deformation using a single IC, which is likely mostly
influenced by near-field stations with large signals that may have been partially driven by afterslip. This
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would in particular bias the viscosity estimate using the relaxation time ¢, of postseismic displacements
(Figure 12f). Finally, the time evolution of the first postseismic IC (Figure 5d) implies that strain rates were
highest just after the earthquake, or equivalently that the effective viscosity was lowest then. Our shear-zone
estimates (Figures 12a-12d) are average 1.12-yr values, and so they would not capture this time dependence.
Despite these caveats, our estimates fall in the middle of the range of values inferred from previous studies of
postseismic deformation in this region; in particular, their agreement with the post-Gorkha estimate of Tian
et al. (2020) is encouraging. The deformation of early Holocene paleolake high-stand shorelines in southern
Tibet implies that the long-term viscosity of the middle crust of Tibet is >10'® Pa-s (England et al., 2013;
Henriquet et al., 2019), and so the estimates derived here likely represent a transient viscosity that may be
less prevalent over such timescales.

7.2. Afterslip Fringing the Coseismic Rupture

The deformation closer to the Gorkha rupture, meanwhile, can more plausibly be explained as indeed
resulting from afterslip itself. Most previous studies of post-Gorkha deformation kinematically inferred
the presence of afterslip fringing the downdip edge of the rupture and on the possible stable-sliding
region between the mainshock and aftershock (Gualandi et al.,, 2017; Jiang et al., 2018; Sreejith
et al., 2016; Tian et al., 2020; Wang & Fialko, 2018; Zhao et al., 2017). Our dynamic forward models
reproduce afterslip directly up to the lower edge of the rupture and in between the mainshock and
aftershock (Figures 10 and 11), decaying sharply and evenly northward in amplitude as expected of a
stress-change-driven process. Like Ingleby et al. (2020), this physical realism allows us to use these mod-
els to robustly qualify what role near-field afterslip could have played in the postseismic displacement
field. This has the secondary advantage of ensuring that the aforementioned findings about far-field
deformation are minimally biased by limitations of the near-field modeling, but it also yields several
findings on its own. These findings are that near-field afterslip can explain the localized uplift seen
around stations DNC4 and XBAR (Figure 10) and some of the south-southwest horizontal motion but
predicts ratios of near-field to far-field motion and near-field vertical to horizontal motion that are both
higher than the ratios observed. This places an upper bound on the likely contribution of afterslip to
post-Gorkha deformation.

Two models that lie within this bound, by reproducing the localized near-field uplift without overpredicting
any aspect of the observations, are the basic forward afterslip model (Figure 10), in which (a — b)o = 1 MPa
and vy = 20 mm/yr, and the model in which (a — b)o = 0.5 MPa and v, increases northward from near zero to
20 mm/yr (Figure S8a) following the interseismic creep rates (Figure 9a). These models may comprise rea-
sonable estimates of the true contribution of afterslip and would imply a local value of (@ — b)o = 0.5-1 MPa
in the near-field region, consistent with studies of afterslip following other earthquakes (e.g., Barbot
et al., 2009; Perfettini & Avouac, 2004, 2007; Thomas et al., 2017). In their analysis of post-Gorkha deforma-
tion (which they inferred was predominantly afterslip), Ingleby et al. (2020) estimated a value of a = 0.8-1.6
for the MHT just north of the rupture (using ac rather than (a — b)o). With their assumed value of
o = 350 MPa, this would imply (a — b)o =~ 0.3-0.6 MPa. Despite differences in data and modeling approaches,
this is comparable to our inferred value of (a — b)o ~ 0.5-1 MPa. It makes sense that Ingleby et al.'s (2020)
estimate would be somewhat lower as their model is fit to all available post-Gorkha data and may include
some deformation to the north that we characterize as viscoelastic. This is effectively the converse of the
caveat that our viscoelastic estimates above may include some afterslip-related deformation; it would also
apply to our maximal forward afterslip model (Figure 11). At any rate, it seems plausible that postseismic
deformation near the rupture was driven by afterslip, perhaps similar to the parametrization of the basic for-
ward model, while deformation further northward was driven by viscoelastic relaxation in a shear zone or
ductile substrate. This would reflect a northward transition from seismic slip to aseismic creep to ductile flow
(e.g., Perfettini & Avouac, 2004).

7.3. The Magnitude and Stress Implications of Post-Gorkha Deformation

Using our kinematic models (Supporting Information S3), we estimate that in the first 1.12 yr after the
Gorkha earthquake, postseismic deformation beneath Nepal and Tibet released a total elastic strain equiva-
lent to a moment between [1.21 + 0.15] x 10*° Nm and [2.37 + 0.13] x 10?° Nm, equivalent to a My,7.3-7.5
earthquake. For comparison, Zhao et al. (2017) and Jiang et al. (2018) inferred a moment release of 10%° and
1.2 X 10%° Nm over the first 1.0 and 1.6 postseismic years, respectively, at the lower end of this range. This
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dwarfs the estimated 2.98 x 10*° Nm (M,, ~ 6.9) total moment released by aftershocks (Figure 8a) over this
period (Supporting Information S3), making it clear that postseismic deformation was >75% aseismic.
Finally, using our maximal forward afterslip model, we estimate that this postseismic deformation (by itself)
re-increased the Coulomb stress by >0.05 MPa (Figure 11b) over ~40% of the Gorkha earthquake rupture
zone (defined here as the area of >0.25 m slip in the Elliott et al., 2016, model). Even if afterslip fringing
the rupture were the only postseismic deformation, as in the basic forward afterslip model, this number
would still be 32% (Figure 10b). For comparison, the stress drop in the Gorkha earthquake is estimated at
~5 MPa on average (Galetzka et al., 2015), and the rate of interseismic stress loading on the Gorkha rupture
zone is estimated at ~1-5 kPa/yr (Cattin & Avouac, 2000). Postseismic reloading in the first 1.12 yr following
the Gorkha earthquake therefore amounted to the equivalent of one to several decades of interseismic load-
ing and was superimposed on that loading. This would compound the seismic hazard in the Nepal
Himalaya, which remains high particularly along the locked updip section of the MHT and west and east
of the Gorkha earthquake.

Data Availability Statement
The data are published in the repository http://tectonics.caltech.edu/resources/gorkha.html as follows:

1. ITRF2008_midday_ ODRENGL.zip are the time series at 171 stations in ITRF2008 (light gray in Figures 3
and 4).

2. Indiafixed_midday_detrended_deseasonal_rmoffsets_rmaftershock_errpropagation ODRENGL.zip are
the post-Gorkha portions of the time series at 94 stations with trends, seasonal signals, and
post-Gorkha offsets removed (blue in Figures 3 and 4).

3. Liuetal_2020_postseismicICl.zip are the time series of the first postseismic Independent Component at
the 67 stations that have data over >20% of the postseismic period (black in Figures 3 and 4).

4. Liu_etal ITRF2008ts_UNRcomparison.zip contains plots comparing our time series in ITRF2008
(Figures 3 and 4, light gray) with those from the Nevada Geodetic Laboratory (NGL).

5. vel_interp_ ODRENGL.txt gives the estimated India-relative linear velocities at all stations (main text sec-
tion 2; Figures 3 and 4, orange; Figures 5 and 7, red arrows).

6. vel_Indiafixed_literatureunified.txt gives India-relative velocities from literature (section 2; Figures 5 and
7, gray arrows).

7. offsets_estimated_Indiafixed_ ODRENGL.txt specifies offsets estimated and removed from the
India-relative time series.

The 13 new stations are bolded in Figures 1, 6, and 8.
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