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Abstract The 2015 M,, 7.8 Gorkha earthquake has drawn interest due to its complex fault geometry. Both
geodetic and geologic studies have focused on the dip variations. In this study we invert the coseismic
geodetic data for the 2-D dip variations of the earthquake. The best fit model confirms that the dip varies
with depth, and suggests that there is a significant lateral dip anomaly along strike. The depth-dependent
dip variation suggests that the earthquake ruptured a ramp-flat fault. The shallow ramp may have prevented
the rupture breaking through the surface. In addition, a lateral large-dip anomaly is found in the
northeastern corner of the slip area, which supports the previous findings of inferred interseismic fault
coupling, coseismic high-frequency radiations, and the aftershock mechanisms. This lateral dip anomaly is
likely associated with local tearing within the Indian slab. It may have blocked the east-southeastward
rupture propagations of the Gorkha earthquake, implying important controls on the earthquake scale and
the spatial limits of ruptures.

1. Introduction

Seismicity, slip pattern, and residual stress are strongly affected by fault bends and segmentations [Segall and
Pollard, 1980; Ben-Zion and Rice, 1995; Saucier et al., 1992]. For thrust faults, on which most great earthquakes
and tsunami disasters are generated, the dip can be quite variable [Suppe, 1983; Suppe and Medwedeff, 1990;
Hayes et al., 2012]. Since the variation in dip exerts a strong control on the seismogenic environment and
earthquake processes [Jorddn et al., 1983; Pardo and Sudrez, 1995; Duputel et al., 2016; Elliott et al., 2016], a
detailed description of the fault dip would be helpful in increasing our understanding of the source physics
and disaster-causing mechanism. A region exceptionally well suited for the analysis of fault dip variations is
the collision zone between the Eurasian and Indian plates. The collision of the two plates resulted in the seis-
mically active Main Himalayan Thrust (MHT) [Bilham, 2004]. According to current knowledge, the MHT
branches into several steep faults in the upper crust (<5 km) and exhibits a ramp in the middle crust
[Pandey et al., 1995; Avouac, 2003; Elliott et al., 2016], indicating a variable ramp-flat-ramp geometry.
Moreover, it has been found that the underthrusting angle of the Indian slab varies from west to east
[Zhao et al., 2010]; that is, the dip of the MHT changes laterally. This lateral dip variation is consistent with
the discontinuity in the interseismic seismicity around Nepal [Pandey et al., 1999], from which the MHT is
supposed to be segmented along strike. Although some efforts have been made to distinguish the geometric
shape of the MHT [e.g., Zhao et al., 1993; Lemonnier et al., 1999; Duputel et al., 2016], the detailed 2-D dip
variation was not very well determined until the occurrence of the 2015 Gorkha earthquake.

The 25 April 2015 M,, 7.8 Gorkha earthquake was the largest earthquake that occurred on the MHT in the past
50 years. The earthquake was well recorded by modern geodetic measurements [Galetzka et al., 2015; Feng
et al., 2016], providing us with an unprecedented opportunity to investigate the variations in dip. The overall
fault dip is estimated to be approximately 6-11° based on seismic and geodetic analyses [Avouac et al., 2015;
Diao et al., 2015; Hayes et al., 2015; Liu and Ge, 2015; Shan et al., 2015; Wang and Fialko, 2015; Wang et al., 2015;
Zhang and Xu, 2015; Zhang et al., 2015; Liu et al., 2016], suggesting that the earthquake mainly ruptured a flat
portion of the MHT. Some geodetic analyses found that a listric fault could explain the surface deformations
better than a planar fault could [Wang and Fialko, 2015; Elliott et al., 2016], implying that ruptures may have
reached the shallow steep fault branches. Although interseismic GPS and leveling data support a midcrustal
ramp located at a depth of greater than 15 km, coseismic geodetic modeling did not find that the ramp
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ruptured during the Gorkha event [Elliott et al., 2016]. Lateral changes in the fault geometry may also exist in
the earthquake rupture area, which is supported by the fact that two fault segments have been identified
based on their significantly different seismicity at approximately 85.0°E [Pandey et al., 1999]. This fault seg-
mentation has been confirmed by Whipple et al. [2016], who performed a two-step inversion and found a
steep fault segment in the eastern corner of the rupture area; that is, the dip may change laterally.
Previous geodetic studies focused on either the depth-dependent dip variation [Wang and Fialko, 2015;
Elliott et al., 2016], or the lateral dip change [Whipple et al., 2016]. There has been no a complete 2-D geodetic
dip model. In addition, a geological study has constructed a fault model of the MHT around Nepal [Hubbard
et al., 2016], providing a completely independent dip estimation. Comparisons between the fault model and
the slip distributions suggests that the Gorkha earthquake mainly ruptured a flat area that is surrounded by
steeper ramps [Hubbard et al., 2016], indicating that the dip is closely correlated with the slip distribution. In
this work, we will introduce a new geodetic inversion method to investigate the 2-D dip variations and to
further clarify the slip-dip correlations of the earthquake.

2. Methods

In contrast to the conventional geodetic inversion scheme, which estimates fault geometric parameters using
a nonlinear method [Wright et al., 1999; Feng et al., 2010], in this work, we determine the dip variations by
solving for the seismic moment tensors of the subfaults. A similar method was introduced by Zhang and
Wang [2015], which estimated the deviatoric moment tensors (DMTs) of the subfaults and determined the
along-strike variations of the strike, dip, rake, and moment of the 2008 M,, 7.9 Wenchuan earthquake. The
basic rationale of this work is that for a thrust mechanism (rake = 90°) point source with a given strike ¢
and a varied dip d, the moment tensor is linearly represented by two elementary double-couple moment ten-
sors of strike = ¢, dip = 0°, and rake = 90° and strike = ¢, dip = 45°, and rake = 90°. In this case, the dip angle can
be estimated by solving a linear equation.

Taking the coordinate system (x = north, y = east, z= down) with the source as the origin, the seismic moment
tensor elements of a point double-couple source are as follows [Aki and Richards, 1980]:

My = — Mo(sind cosi sin2g + sin26 sini sin®gp)
1
My, =+ My | sind cosi cos2yp + EsinZé sind sian)) = My

= — Mp( cosé cosd cosp + €os2d sini sing) = My (1)
My, = + Mo(sind cosi sin2p — sin2J sini cos’p)
(

= — Mp(cosd cosi sing — cos2d sind cosp) = My,
MzZ = + My sin26 sinA,

where My is the scalar moment and ¢, J, and 1 are the strike, dip, and rake, respectively. ltems containing cos.
and sinlin equation (1) correspond to the strike slip and dip slip, respectively. For a thrust faulting earthquake
(2=90°) with a known or assumed strike (p) and a variable dip (d), the moment tensor is M = M° = aM5
+,3M£’5, where a and 2 equal My cos 26 and My sin 26, respectively. M5 and Mfs are two elementary moment
tensors,
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If o and f are both positive, the dip would be confined between 0° and 45° by 5=%arctan (”) and the scalar

moment My = /a2 + . The slip can be obtained by d = %, where # and A are the shear modulus and
the area of subfault, respectively.

By discretizing the finite fault into subfaults, which are represented as point sources [Zhang and Wang, 2015],
we can estimate the dips of all of the subfaults by minimizing the following function:

N
A= [lu= 30 (e + )|, + V2l + ¥ ®

where N is the number of subfaults, u is the surface deformation, g5 and g2 are the Green'’s functions of
the two elementary mechanisms Mg and M4DS, respectively, and « is the weight of the spatial Laplacian
smoothing. By assuming X, and Xz are vectors containing unknowns a and S, equation (3) can be rewrit-
ten as follows:

Gy G u

kD 0 [A}: 0/, @)
Xp

0 «D 0

where D is the matrix of smoothing. When a proper smoothing factor is applied, we can get the slip and dip
angles of all of the subfaults by solving equation (4). In this study, the Green's functions were calculated based
on the elastic dislocation theory [Okada, 1985]. A nonnegative gradient method [Ward and Barrientos, 1986]
was used to solve equation (4) to retrieve a dip variation between 0° and 45°.

The dip variation inversion is generally performed on a given planar fault. In this case, the depth of the sub-
fault point sources would be different from the real sources if a curved fault was ruptured. To determine how
the depth difference biases the dip estimates, we performed a series of tests for a point source with different
dips and depths (Figure S1). When the depth assumed in the inversion (d) is shallower than the real depth
(d,), the dip would be underestimated; otherwise, it would lead to overestimation. Although the underesti-
mates and overestimates are not significant (<6° when 0.5 < di/d, < 2), there are some trade-offs between
the depth and dip. To minimize these trade-offs, we optimize the position and orientation of the planar fault
through a grid search. Based on a synthetic test (Figure S2), we confirm that this practice can successfully
recover the major dip features.

3. Data Weighting and Dip Variation Inversion

In application to the 2015 Gorkha earthquake, we inverted the coseismic interferometric synthetic aperture
radar (InSAR) and Global Positioning System (GPS) displacements to determine the dip variations. The InNSAR
coseismic measurements used in this study were compiled by Feng et al. [2016] and include six coseismic
interferograms for the 2015 Gorkha earthquake from various satellites, including ALOS-2, Sentinel-1A, and
RADARSAT-2. In total, one ascending and five descending tracks were corrected for potential orbital and
ionospheric errors using the coseismic GPS data. Among them, ScanSAR track 048 from ALOS-2 covers the
entire epicentral area, providing excellent spatial coverage of the coseismic surface deformation field of
the earthquake [Lindsey et al., 2015].

The coseismic GPS data from 13 stations were released by University NAVSTAR Consortium (UNAVCO). Five
stations located between 85.1 and 85.3°E show horizontal displacements exceeding 0.5 m [Figure 1]. Other
stations were also used in the inversion, but they are not sensitive to the dip variation due to being far away
from the source. Since the GPS data with significant deformation covered only about a quarter of the defor-
mation area along strike, its relative weight compared with the InSAR data was set to be 0.25.

A 185 km long and 100 km wide planar fault, which was equally divided into subfaults with areas of 5 km
by 5 km, was assumed for the inversion. Through a 3-D (position, overall strike, and overall dip) grid
search, the position and orientation of the planar fault were optimized (Figure S3). An overall dip of 10°
was found to lead to a minimum misfit. We also tried other overall dips (6° and 16°) and found that
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Figure 1. (a) Regional tectonics near the epicentral area of the 2015 Gorkha earthquake. The main frontal thrust (MFT), the rupture areas of significant earthquakes,
and the N-S trending rifts in southern Tibet are plotted [Deng et al., 2003] (NLR: northern Lunggar rift, TYR: Tangra Yum Co rift, PXR: Pumqu-Xianza rift, YGR:
Yadong-Gulu rift). (b) Surface projections of the dip variation and slip distribution determined in this study (white contour lines). The star denotes the epicenter.
Beach balls are mechanism solutions of historic earthquakes (cyan balls) and aftershocks (green and yellow balls) released by the Global Centroid Moment Tensor
(GCMT) group. Blue isolines are long-term interseismic couplings [Stevens and Avouac, 2015]. Orange dots represent the interseismic seismicity [Ader et al., 2012]. The
dashed black ellipse marks the large-dip anomaly. Full red lines are the N-S trending normal faults [Deng et al., 2003], and the dashed red lines are deduced fault
tracks. Black and red arrows are observed and modeled GPS displacements, respectively.

they led to similar dip features (Figure 2). This confirms that the geometric shape of the fault does not
strongly impact the dip variation estimates. After optimization of the fault position and orientation, we
discretized the fault plane into subfaults of 1 km by 1 km to achieve a higher spatial resolution
(Figure 1). The final model was determined by balancing data fitting and slip roughness (Figures S4

and S5).

Overall dip = 6°

Overall dip = 16°
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Figure 2. Dip models determined using different overall fault dips of (left) 6° and (right) 16°.
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Figure 3. (a) The top panel is the obtained dip model. From left to right, the bottom three panels are the observed InSAR data for scanSAR track 048, the predicted
InSAR data, and the residuals. (b) Panels are the same as in Figure 3a, but the dip anomaly has been modified to be consistent with the surrounding areas. Black
rectangles in Figure 3b outline the area where the uplift deformation caused by the dip anomaly is poorly fitted.
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4, Results

The obtained dip variation is shown in Figure 1. The earthquake ruptured a fault with a length and width of
approximately 150 km and 60 km, respectively. The dip significantly decreases from 30° in the south to
approximately 0° in the north, which is basically consistent with other geodetic 1-D dip models [Wang and
Fialko, 2015; Elliott et al., 2016]. In the north, although a midcrustal ramp was widely hypothesized to exist,
it was not found in this work or in other coseismic geodetic inversions [Wang and Fialko, 2015; Elliott et al.,
2016]. Two reasons may account for this. First, as Elliott et al. [2016] have suggested, the surface deformation
inversions have a relatively poor resolution at depth. Second, the northern ramp is weakly locked. The strain
has been released by small events or by creeping during the interseismic period [Pandey et al., 1995; Elliott
et al., 2016], resulting in failure of the ramp to rupture during the main shock. The southernmost dips are
about 30°, consistent with the existing geodetic inversions [Wang and Fialko, 2015; Elliott et al., 2016] and
geologic results [Hubbard et al., 2016]. This shallow ramp may have blocked the ruptures and could account
for the fact that the rupture did not break through the surface. Both the dip and slip distributions (see
Figure 1) reveal that a portion of the main boundary thrust (MBT) may have ruptured. It is clear that the
dip angles (with slip >1 m; Figure 1) decrease with increasing distance from the MBT. In addition, the south-
ernmost slip isoclines (slip = 1 m) are nearly parallel to the MBT trace. It should be noted that other geodetic
slip models also exhibit this feature [Wang and Fialko, 2015; Elliott et al., 2016; Feng et al., 2016]. Hence, the
shallow ruptures of the 2015 main shock are likely controlled by the MBT, rather than by the main frontal
thrust (MFT).

The dip variations can successfully explain the interseismic fault couplings and the historic microseismicity.
For a thrust fault, in principle, large dips lead to large normal stresses, and thus, they correspond to high inter-
seismic fault couplings [Scholz and Small, 19971. This can be demonstrated in the comparison between dip
variations and fault couplings [Stevens and Avouac, 2015] (Figure 1). A steep fault segment (with a large
dip) at a shallow depth is more locked, while a flat segment (with a small dip) at a greater depth is less locked
(Figure 1).

In addition to the depth-dependent change, the dip also demonstrates a significant lateral variation. In par-
ticular, a large-dip (>15°) anomaly appears in the northeastern corner of the rupture area (slip >1 m,
Figure 1b), where the fault coupling level of 0.2 extends over a broad area to the north. This is consistent
with the study of Whipple et al. [2016], who concluded that a steep fault segment is required in the eastern
part of the slip area to explain the observed surface deformation, and with the geological result of Hubbard
et al. [2016], in which the northeastern slips reached and ruptured a ramp. This dip anomaly spatially corre-
lates to the surface uplift anomaly revealed by the InSAR data (outlined by rectangles in Figure 3). By mod-
ifying the dip anomaly to make it consistent with the surrounding area, the uplift deformations become
poorly fitted, and the border between the uplift and subsidence areas becomes more regular (Figure 3).
In this case, the abnormally uplifted area revealed by the InSAR data is actually caused by the large-dip
anomaly at depth.

5. Discussion and Conclusions

In principle, the fault geometry is correlated with the aftershock locations. For the Gorkha earthquake,
however, aftershocks do not suggest a clear geometric shape of the fault. Instead, most events are above
the MHT [Bai et al., 2016], making them difficult to use for rebuilding the fault geometry. Fortunately,
high-quality geodetic data are available, offering us the opportunity to investigate the fault geometry of
the earthquake.

The previous geodetic analysis estimated the dip features using trial-and-error methods [Wang and Fialko,
2015; Elliott et al., 2016; Whipple et al., 2016]. These methods are effective in determining the major dip fea-
tures. In contrast, we estimate the dip variation by inverting the moment tensors of the subfaults. The speci-
alty of our method is that the strike and rake are assumed and fixed, which reduces the number of unknowns
and helps to improve the stability. Since our method is based on the point source approximation, i.e., the sub-
fault size must be much smaller than the distance between the source and the observation, a large number of
subfaults are generated and a large amount of calculation time is needed. Meanwhile, the advantage of the
method is that it is independent of experience to a large extent, and thus, it can be applied to more
general cases.
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North The final estimated 2-D dip model

(shown in Figure 1b) is consistent

with previous studies. It success-

/ fully confirms not only the depth-
/ dependent dip variation [Wang
Normal faults  / and Fialko, 2015; Elliott et al.,
P 5‘__7\/ 2016] but also the change in the
./ lateral dip [Whipple et al., 2016].

: Voo ’ Significant slips are mainly distribu-
ted in areas with gentle dips, which

support the geologic results that
the slip is mainly distributed on a

Figure 4. Schematic diagram of slab tearing. The slab tearing causes the hot flat portion of the fault [Hubbard
asthenosphere to upwell, resulting in N-S trending normal faults. It also leads et al., 2016].

to the large-dip anomaly, which blocked the rupture propagations of the

Gorkha earthquake. The inset in the top-left corner illustrates the inferred It should be noted that other
fault geometry with the determined 2-D dip variations. geodetic slip inversions, based on

uniform dip angles (without the

shallow ramp and the lateral
large-dip anomaly), also lead to equally good data fits [e.g., Feng et al., 2016]. This is because for a low-angle
thrust fault, the uplift deformation can be explained by either large slips on a flat fault (small dip), or small
slips on a steep fault (large dip), that is, the trade-off between slips and dips. To check whether dip variation
is necessary to explain the data, we performed a series of rake variation inversions (i.e., the conventional slip
inversion in which the rake can be variable but the dip is fixed) and deviatoric moment tensor (DMT) variation
inversions [Zhang and Wang, 2015] with different smoothing factors. Comparisons of the roughness-misfit
curves of the dip, rake, and DMT inversions reveal useable information about the fault (Figure S6). When
the smoothing strength in the inversion is weak (i.e,, large roughness), the DMT inversions, which have more
unknowns, have smaller misfits to those of the dip and rake inversions. If strong smoothing is considered
(small roughness), the misfits of the dip and DMT inversions are almost identical and are both significantly
less than those of the rake inversions. This indicates that the observations can be equally explained by either
variable dips or variable DMTs if a reasonably smooth solution is required. The strike, dip, and rake derived
from the DMT inversion are shown in Figure S7. Because of the low dip angle, the strike and rake are coupled
together, which makes them difficult to determine. However, the movement direction of the hanging wall
relative to the footwall (strike minus rake) is successfully calculated (see Figure S7e). The average direction
of the hanging wall movement is about 189°, which is consistent with the moment tensor solutions of the
GCMT group and the United States Geological Survey. In addition, in the DMT variation model, there are some
unreasonable negative dips at depth. These negative dips are caused by the uncertainties involved in solving
a large number of unknowns in the DMT inversion. Even so, it clearly suggests that the dip is the most variable
fault parameter (Figure S7 and S8); i.e., the dip variation is necessary to explain the data. Similar to the dip
variation model (Figure 1b), the DMT model also exhibits the shallow ramp and the lateral large-dip anomaly
(Figure S7b and S7d). This agreement between the dip and DMT models demonstrates that the dip model
determined in this work is highly reliable.

Existing seismic evidence supports the fact that the cause of the large-dip anomaly may be related to frag-
mentation or tearing of the Indian slab. Seismic tomographic studies have found low velocity zones around
the N-S trending rifts (Figure 1a) from central to southern Tibet [Liang et al., 2011; Xu et al., 2011; Liang et al.,
2012; Pei et al., 2016]. The existence of these low velocity zones are supported by the presence of lateral dif-
ferences in the delay time in the SKS wave splitting measurements [Chen et al., 2015]. A possible interpreta-
tion of these lateral variations in the velocity structure is tearing within the Indian slab [Liang et al., 2011; Xu
etal, 2011; Liang et al., 2012; Chen et al., 2015; Pei et al., 2016]. When this tearing reaches the slab interface in
the south, it would change the geometry of the MHT and result in a large-dip anomaly (Figure 4). On the other
hand, this slab tearing provides a passage for asthenospheric upwelling and leads to the N-S trending rifts
and normal faults observed in central and southern Tibet [Liang et al., 2012] (Figure 4). A normal fault of
the Tangra Yum Co Rift (TYR), which has not been fully traced, may extend to the south and reach the
MHT near 85.8°E at Nyalam (Figure 1b). During the Gorkha earthquake, the east-southeast ruptures got
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close to this fault, and triggered a M,, 5.3 normal fault aftershock 11 h after the Gorkha main shock (yellow
beach ball in the dashed ellipse, Figure 1b).

This dip anomaly could play an important role in the earthquake rupture processes by stopping the east-
southeastward propagation of deep ruptures. It has been confirmed that changes in fault geometry can
behave as barriers and block rupture propagation [Das, 2007; Bouchon and Karabulut, 2008; Zhang et al.,
2014], which tend to generate high-frequency seismic waves [Ben-Zion and Rice, 1995]. A slip inversion of
the Gorkha earthquake has revealed a large slip roughness and a long rise time in the northeastern corner
of the slip area, around which the large-dip anomaly is located [Yue et al., 2016]. This provides strong evi-
dence that ruptures were blocked there. From back projection results, it has been found that a large part
of the high-frequency radiations are located near the large-dip anomaly [Zhang et al., 2016; Yin et al.,
20171. These high-frequency radiations are probably the consequence of the rupture velocity being suddenly
slowed down by the changes in fault geometry. This decrease in the rupture velocity also impacts the rupture
extensions and causes different lateral dimensions of shallow and deep ruptures (Figure 1b). Compared with
the deep ruptures, the shallow ruptures propagated farther to the east-southeast for 20-30 km. They
triggered a series of thrust mechanism aftershocks, including the largest 12 May 2015 M,, 7.2 shock
(Figure 1b). In contrast, the deep ruptures were blocked in the area around the dip anomaly (Figure 4). In this
case, the large-dip anomaly limits the scale of the earthquake to some extent. Without this lateral dip varia-
tion, the deep ruptures of the Gorkha earthquake would have propagated further east, which could have
resulted in a larger magnitude and a more serious disaster.

The dependence between fault geometry and rupture dimension has been observed in geologic and seismo-
logic studies [King and Nabelek, 1985; Zhang et al., 1991; Sekiguchi et al., 2000]. However, since the detailed
fault geometry was not well determined, this relationship was mainly qualitative. This study presents a real
case study of a thrust event for which the rupture termination and the earthquake scale are controlled by
changes in the fault geometry. Our study indicates that the fault geometry is a critical factor in the fault seis-
mogenic pattern, which is significant for earthquake hazard assessment and damage prevention. Future work
is necessary to explore the possible geometry-dependent rupture behaviors of other earthquakes and to
widely examine how common it is for a change in the fault geometry to block rupture propagation and con-
trol the spatial limits of fault slip.
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