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A B S T R A C T   

The extreme rainfall weather during the Indian monsoon season has increased in recent decades changing the 
hydrological mass distribution that may be responsible for triggering regional earthquakes. In the western 
Himalayas, a shallow Mw 5.7 earthquake took place right after the withdrawal of the 2019 unusual Indian 
summer monsoon resulting in a rapid increase of ~4.5 km3 of water storage at the nearby Mangla reservoir 
within three months. Through a joint inversion of space geodetic and teleseismic data, we found that the 
mainshock occurred on the décollement structure of the Main Himalayan Thrust in the western Himalayas, which 
was previously underdetermined. The significant water loading, and pore pressure diffusion led to Coulomb 
stress increases of ~10 kPa on the maximum coseismic slip zone promoting fault failure. Our findings demon
strate that climate change could influence certain reservoir-associated earthquakes in the Himalayas. We provide 
recommendations to improve the regulations for the reservoir operations in Mangla and probably other contexts 
with similar tectonic settings in the Himalayas during the monsoon season.   

1. Introduction 

Reservoir-associated earthquakes typically occur during the initial 
impoundment periods (e.g., Kremasta and Nurek reservoirs) or the first 
several filling and emptying cycles (e.g., Koyna and Hoover reservoirs) 
due to the change in stress regime from the combined effect of large 
vertical stress change and pore pressure diffusion (Gupta, 1985; Simp
son, 1986; Talwani, 1997). However, on September 24, 2019, an 
earthquake of Mw 5.7 struck ~10 km southeast of the Mangla dam in 
Pakistan (Fig. 1, National Earthquake Information Center, 2019), which 
was safely operated for >50 years without M>5.0 earthquakes (Fig. 1c; 
Adams and Ahmed, 1969; Brown, 1974; Kayani, 2013). 

Tectonically, the Mangla reservoir is located close to the Hazara 
Kashmir Syntaxis (HKS), which is one of the most active syntaxis systems 
in the NW Himalayas (Fig. 1a; Treloar and Coward, 1991; Avouac et al., 
2006). The transforming orientation of collision and suturing between 
the Indian and Eurasian plates resulted in a strong curling and fold 
pattern and earthquake nucleation, including the devastating 2005 Mw 
7.6 Muzaffarabad earthquake (Hussain and Yeats, 2009; Shah et al., 
2020). However, few noticeable seismicity (Mw>5.0) has been docu
mented since 1966 (ISC catalog; Brown, 1974) in the core and southern 

part of HKS, near the Salt Range Thrust (SRT) and Kohat-Potwar Plateau, 
except for the 1992 Mw 6.0 Kohat earthquake in the western part of the 
SRT (Satyabala et al., 2012) and the 2006 ML 5.0 New Mirpur earth
quake, located ~7 km SE of Mirpur city (Iqbal et al., 2009). The presence 
of a thick salt layer surrounding the SRT and overlying the possible basal 
décollement may explain the cumulative stress release (Satyabala et al., 
2012), which is consistent with the caterpillar creeping (i.e., 1–2 mm/ 
yr) deformation observed near the Kohat-Potwar Plateau and SRT (Abir 
et al., 2015). 

The strongest component of monsoon systems, the Indian summer 
monsoon, modulates approximately 80% of the annual rainfall to South 
Asia, and is the major source of runoff to the Mangla reservoir during the 
active monsoon months (Kayani, 2013; Huang et al., 2020). In 2019, the 
unusual Indian summer monsoon caused an abnormal increase in pre
cipitation in Pakistan and India from July to mid-September (Fig. 1b–c). 
The cumulative rainfall has reached the highest record from the past 25 
years that caused a rapid water storage increase of ~4.5 km3 at the 
Mangla reservoir. The 2019 event occurred during the transition period 
between the peak value and the water release period in mid-September 
(Fig. 1b). This coincidence poses the question of whether the occurrence 
of an event is linked with unusual weather (Sharma et al., 2020). 
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Here, we study the causality of the 2019 event using multi-remote 
sensing and teleseismic data. We first adopted Interferometric Syn
thetic Aperture Radar (InSAR) and teleseismic data to constrain the 
geometry of seismogenic fault and estimate the model uncertainty using 
Bayesian inference. It provides new evidence of the localized fault ge
ometry of the Main Himalayan Thrust (MHT) beneath the western end of 
the Main Frontal Thrust (MFT). Using satellite-based optical imagery 
and laser data, we mapped the evolution of the reservoir’s water volume 
before and after the earthquake. In combination with the pore pressure 
model and the Coulomb-Mohr failure theory, we studied the effects of 
rapid reservoir loading on fault stability. We suggest that the reservoir 
operation regulation during the summer monsoon season should be 
carefully arranged to avoid the potential destabilization imposed on the 
underlying active décollement. 

2. Material and methods 

2.1. Coseismic data processing 

2.1.1. InSAR data 
We selected two pairs of Sentinel-1A images acquired on ascending 

track 100 and descending track 107 (Table S1) to map the coseismic 
displacements. Both coseismic pairs were processed using the InSAR 
Scientific Computing Environment (ISCE) software (Agram et al., 2016). 
We applied the enhanced spectral diversity (ESD) method to guarantee a 
residual error of coregistration below 1/1000 pixels following the initial 
geometrical coregistration (Fattahi et al., 2016). Then, we used the 1-arc 
Shuttle Radar Topography Mission (SRTM) DEM to eliminate the 
contribution of topography (Farr et al., 2007). We multilooked in
terferograms with 5 pixels in azimuth direction and 19 pixels in range 
direction. All interferograms were filtered using an adaptive spectral 

filter (Goldstein and Werner, 1998) and unwrapped using the minimum 
cost flow algorithm (Chen and Zebker, 2002). We further adopted a 
quadratic surface to eliminate any remaining orbital error. While only 
evident topographic-correlated atmospheric artifacts can be observed in 
the ascending pair, we fitted and removed the remaining topography- 
phase term using a linear function (Wang et al., 2017; see Fig. S1 and 
Fig. 5 for the processed interferograms). 

2.1.2. Teleseismic data 
The 13 teleseismic stations were collected from the Incorporated 

Research Institutions for Seismology (IRIS) and GEO-ForschungsNetz 
(GEOFON) networks at epicentral distances between 30

◦

and 90
◦

to 
ensure a uniform azimuthal distribution and high signal-to-noise ratios 
(Fig. S2). We filtered the raw P-wave records on the vertical channel by 
the band-pass filter ranging from 0.01 Hz to 0.1 Hz and deconvolved P- 
wave to the vertical displacements. We tapered the waveform to the 95 s 
time window, including the data 30 s before the initial arrivals. The 
velocity model used in the teleseismic Green’s function (i.e., the re
ceiver’s side) was referenced to the global velocity model AK135, but we 
substituted the shallow crust structure with CRUST 2.0, according to the 
locations of the selected stations (Bassin et al., 2000). 

2.2. Fault inversion and modeling 

We used InSAR and teleseismic data to jointly constrain the fault 
geometry and used the Bayesian inference to appropriately evaluate the 
uncertainties from the model and data simultaneously (Vasyura-Bathke 
et al., 2020). We first applied the quadtree subsample method (Jónsson 
et al., 2002) to the InSAR measurements (i.e., a total of 302 grids; 
Fig. S1) to reduce the computational burden and keep the nonlinear 
inversion solvable. We weighted the quadtree grids based on the 

Fig. 1. Tectonic context and retrieved water history in the study area. a) Tectonic setting near the Mangla reservoir (Ahmed, 2009; Iqbal et al., 2009; Ackers 
et al., 2016). White circles represent the pre-2019 events from 1977, and the red circles represent aftershocks until September 2020 (ISC catalog). The inset shows the 
general tectonic map in north Pakistan and the data coverage (Avouac et al., 2006; Gavillot et al., 2016). The black arrow represents the plate convergence velocity 
(Jade et al., 2017). The red dashed rectangles denote the coverage of Sentinel-1A data (i.e., ascending track 100 and descending track 107). The green rectangle 
bounds the extent of a). HKS-Hazara Kashmir Syntaxis; MBT-Main Boundary Thrust; MFT-Main Frontal Thrust; JBF-Jhelum Balakot Fault; SRT-Salt Range Thrust. b) 
The retrieved water history from Sentinel-2 and corrected AW3D30 DEM in 2019. Red and green lines represent the water volume variation and the mainshock date, 
respectively. The histograms denote the monthly precipitation (World Weather Online). c) The statistics of the earthquakes and the cumulative moment from the 
declustered ISC catalog (M>3.0, declustering by Reasenberg (1985) method). The green line represents the annual precipitation in New Mirpur city during 
2009–2020 (World Weather Online). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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variability in the far-field pixels. The seismic data variances were 
determined by the fluctuation of the data before the P-waveform arrival 
time. 

We employed the Bayesian Earthquake Analysis Tool (BEAT, 
Vasyura-Bathke et al., 2020) to perform the nonlinear inversion. 
Considering different independent observations d = {d1, d2,⋯, dn} and 
the model of the source parameters m = {m1,m2,⋯,mk}, the observa
tion equation with error ∊ is 

d = G(m)+ ∊ (1)  

where G(m) is Green’s function for the transient (i.e., seismic displace
ment) or static displacement (i.e., geodetic displacement). In the 
Bayesian framework, the degree of how well a set of parameters fits the 
data is the uncertainty and it is expressed as follows: 

p(m|d) =
p(d|m)p(m)

p(d)
∝p(d|m)p(m) (2)  

where p(m) is the prior probability distribution information of the model 
setup, and p(d) is the normalization factor. p(d|m) is the likelihood 
function that measures the goodness of fit between model predictions 
and observations. It quantifies the probability of a given set of param
eters for data, 

p(d|m) = L(m) =
1

(2π)n/2
|Cd|

1/2exp
{

−
1
2
[d − G(m)]

T C− 1
d [d − G(m)]} (3)  

C− 1
d is the inverse of the variance–covariance matrix of the data for 

weighting the multi-source of our observations. If different observations 
are independent, the likelihood function for all observations is the 
product of Eq. (3). Because the analytic solution or approximation is not 
available to calculate the PPD, we constructed a discretized form of PPD 
through the sequential Monte Carlo (SMC) method. 

Two possible earthquake nodal planes (one with a high dip angle of 
87

◦

and the other with a shallow dip angle of 12
◦

) from the USGS W- 
phase solutions are likely responsible for this earthquake. Because a 
high-dip angle (e.g., 60

◦

) thrust event is uncommon or even impracti
cable considering the prevailing thrust tectonic background in the Hi
malayan foreland (Sibson, 2012), we preferred a shallow dipping nodal 
plane to account for this event. Therefore, we set the initial search in
terval as strike ∈ [235

◦

, 360
◦

], rake ∈ [40
◦

, 180
◦

], and dip ∈ [0
◦

, 20
◦

] 
taking the focal mechanism solutions in different catalogs as the priors 
(Table 1). 

Considering the posterior probability distributions of the strike and 
rake angles exhibit a linear relationship (Fig. S3), we also applied the 2D 
grid search method to determine the unavoidable trade-off between 
strike and rake parameters in the low-dipping fault geometry after the 
first iteration of non-linear inversion (Feng et al., 2017). Hence, we fixed 
other parameters except the rake and strike angles and minimizing the 

misfits between the observations and model predictions as our best-fit 
geometry solution (Fig. 2; Table 1). 

For the linear finite slip model inversion, we assumed that the slips 
on adjacent patches were continuous to avoid an unrealistic stress drop 
(Amey et al., 2018). Therefore, we regularized the linear inversion by 
applying the Laplacian constraint to stabilize the distributed slip (1× 1 
km patches). We used the sequential Monte Carlo (SMC) method to 
obtain the maximum-a-posterior (MAP) solution for the dip-slip and 
strike-slip in each patch, and the degree of Laplacian smoothness and 
scaling parameter (Vasyura-Bathke et al., 2020; see the finite slip model 
in Fig. 6). 

2.3. Water history reconstruction 

To reconstruct the long-term water history in the reservoir, we used 
Landsat-5, Landsat-7, Landsat-8, and Sentinel-2 imagery (Fig. S4) with 
fine temporal resolution and cloud cover of less than 20% to extract the 
water area from 1987 to 2019. We employed the modified normalized 
difference water index (MNDWI; Xu, 2006) to delineate the water area. 
The threshold for this two-class segmentation task was determined using 
Otsu’s method (Otsu, 1979). We assumed that the varying lakeshore 
lines extracted from the water area could reflect the water level across 
the entire reservoir. Therefore, we estimated the water level and volume 
variation of the reservoir by delineating the inundated water area and 
the DEMs (Tseng et al., 2016). We evaluated the accuracy of the 
accessible DEMs with ~30 m resolution in the Mangla reservoir, 
including the ALOS World 3D-30 m (AW3D30), Advanced Spaceborne 
Thermal Emission and Reflection Radiometer Global Digital Elevation 
Model (ASTER-GDEM), and 1-arc SRTM (Table S2). These DEMs may 
not accurately reflect the regional landscape and need alignment before 
feeding into the water level/volume estimation (Madson and Sheng, 
2020). Hence, we accounted for the ICESat-2 (Ice, Cloud, and land 
Elevation Satellite), with 5–10 cm vertical accuracy on 100-m segments 
(Li et al., 2019), as a reference for our disposal (Kropáček et al., 2012). 
We compared the absolute mean differences and variances between the 
strong beam pulses of the ICESat-2 ATL08 (land water vegetation 
elevation) measurements (Fig. 3) and the three DEMs. We found that the 
AW3D30 DEM outperformed with a lower mean absolute difference and 
standard deviation (Fig. 3e). Therefore, we finally applied the AW3D30 
DEM and aligned the DEM with the average difference from the ICESat-2 
results. 

2.4. Coulomb stress modeling from reservoir’s loading 

We employed the Coulomb-Mohr theory to evaluate the reservoir’s 
role in earthquake occurrence and modeled Coulomb stress change to 
quantify fault stability. The change in the Coulomb stress driven by the 
reservoir’s filling/emptying cycles can be formulated as a combination 
of the stress change and coefficient of friction μ: 

ΔS = Δτ − μ(Δσ − ΔP) (4)  

where Δσ and Δτ are the normal and shear elastic stress changes directly 
from the mass variations in the reservoir, respectively. Conventionally, 
we defined the compressive Δσ as positive. We estimated the normal 
stress change Δσ and shear stress change Δτ using the Boussinesq so
lution (Jaeger and Cook, 2009) and resolved them on the inverted fault 
geometry (strike = 278.1

◦

, dip = 4.0
◦

, rake = 83.9
◦

, Table 1). 
According to Roeloff’s theory (Roeloffs, 1988), the change in pore 

pressure ΔP near the reservoir can be expressed as the summation of the 
compression-driven term ΔPc and diffusion-driven term ΔPd as ΔP =

ΔPc + ΔPd. The instantaneous effect of pore pressure change due to 
compression/tension is proportional to the summation of the normal 
stress change, as follows: 

ΔPc = B
(σxx + σyy + σzz

3

)
(5) 

Table 1 
Source parameters of the 2019 Mw 5.7 New Mirpur earthquake.   

InSAR þ
Seismic 

2D 
Grid 
Search 

USGS GCMT GFZ NSMC NCS 

Lon (◦) 73.75+0.02
− 0.01   73.79 73.85 73.81 73.73 73.70 

Lat (◦) 33.07+0.01
− 0.01   33.08 33.03 33.09 32.99 33.10 

Strike 
(◦) 

277.7+12.4
− 17.2  278.1 352/ 

98 
246/ 
104 

250/ 
74 

/ / 

Dip (◦) 4.0+1.9
− 1.9   12/ 

87 
10/81 9/81 / / 

Rake 
(◦) 

79.2+16.7
− 15.3  83.9 164/ 

78 
52/96 86/ 

91 
/ / 

Depth 
(km) 

3.9+0.5
− 0.3   11.5 14.7 10.0 10.0 10.0 

Mw 5.72+0.2
− 0.2   5.4 5.7 5.3 5.8 5.9  
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where B is the Skempton’s coefficient representing the ratio of the pore 
pressure change and the mean stress change. The diffusion process of 
pore pressure is followed by the Biot Law (Biot, 1941), and the corre
sponding differential equation is: 

c∇2(ΔPd) −
∂
∂t
(ΔPd) = S(x, y, z, t) (6)  

where S(x, y, z, t) is the water history of the point load at location (x, y, z)
on time epoch t due to the reservoir operation, and c is the hydraulic 
diffusivity representing the diffusion speed of pressure redistribution. 
We adopted Green’s function solution from Kalpna and Chander (2000) 
to solve the diffusion term ΔPd in a porous elastic half-space. To test 
different diffusion speed scenarios, we set the hydraulic diffusivity to 
0.5 m2/s, 2 m2/s, and 5 m2/s (Fig. 7 and Fig. S5). Finally, we changed 
the dip angle from 0

◦

to 90
◦

to study the sensitivity of different dip angles 
to the stress field (Fig. S6). 

3. Results 

3.1. Water variations in the reservoir 

In recent three decades, the amplitudes and phases of the retrieved 
water variations indicate that the reservoir operation can be classified 
into two periods (Fig. 4). The first period (i.e., 1987–2012) shows that 
the water fluctuates between 340 m to 360 m, corresponding to ~3.0 
km3 water volume change. In the second period (i.e., 2013–2019), the 
average peak-to-valley (PV) water level is ranging from 341 m to 368 m 
(Fig. 4a). Correspondingly, the average PV water volume variation is 
~4.5 km3, accounting for a 50% increase from 1987 to 2012 (Fig. 4b). 
We suggest that this annual increment of impoundment (i.e., ~8 m) 
should be related to the dam raising project completed in December 
2009, in which the main dam has 9 m (~30 feet) heightening to enhance 
the water storage and electricity generation (Kayani, 2013). 

In 2019, the water storage at the Mangla reservoir was at the rela
tively low level of ~0.5 km3 at the end of June. A massive rainfall started 
in July, which caused a rapid water level increase at the Mangla reser
voir. The reconstructed water history from ICESat-2, optical images, and 
external DEM shows that the Mangla reservoir experienced three water 
variation stages in 2019 (Fig. 1b; Fig. 3a). The reservoir first shows a 
~1.2 km3 water volume fluctuation for the regular watershed man
agement from January to June, including one small precipitation peak in 

March and the subsequent snow/glacier melting (Babur et al., 2016). 
During the 2019 summer monsoon season, the water level drastically 
increased from ~348 m to 371 m, which is equivalent to ~4.5 km3 

loading of the crust. This water volume surge in 2019 is the historic 
water gain during the monsoon season (i.e., June to September) in the 
recent three decades (Fig. 4d). In the middle of September, the water 
level (i.e., 371 m) is reaching a record high and beyond the two sigma 
limits on the basis of the three decades observations (i.e., 351.3 ± 18.3 
m). The third water variation stage is from mid-September to the end of 
2019, during which the reservoir experienced a ~12 m water level 
decrease, corresponding to ~2.7 km3 of storage change. These estimated 
water level changes match well with the direct ICESat-2 measurements 
and Landsat-8 estimations (Fig. 3c–d), with a strong value of 0.99 
(Fig. 3d). The major difference between ICESat-2 measurements and 
estimations is observed between April and June (Fig. 3c), in which the 
ICESat-2 did not have data coverage. 

3.2. Coseismic deformation of the 2019 event 

The coseismic interferograms show consistent north–south comple
mentary deformation lobes (Fig. 5). As the SAR satellites observe the 
surface deformation in the line-of-sight (LOS) direction, these compar
ative deformation patterns suggest that the coseismic deformations are 
dominated by fault thrust slip (Elliott et al., 2016), which agrees well 
with the thrust tectonic background. The northern lobe is likely to 
represent an away-from-satellite ground motion (i.e., subsidence) and 
the southern lobe movements toward the satellite (i.e., uplift) (Fig. 5a, 
d). These apparent symmetric double-lobe patterns with no apparent 
surface rupture observed from the interferograms suggest that the 
mainshock occurred on a W-E oriented blind seismogenic fault. The 
ascending coseismic interferogram shows a maximum coseismic LOS 
displacement of ~9.6 cm in the southern deformation lobe, while the 
descending interferogram is degraded by the low coherence due to the 
longer temporal baseline (Table S1) with only up to ~6.5 cm LOS 
displacement observed in the southern part. The maximum deformation 
area in the descending pair is shifted by approximately 4 km to the east 
compared to the ascending interferogram. This is due to the different 
viewing geometries of the different orbits. 

3.3. Fault geometry and slip distribution 

We used InSAR and teleseismic data to conduct a non-linear inver

Fig. 2. Results of 2D grid search. a) The linear relationship between strike and rake angles from our joint inversion solution and other catalogs (i.e., shallow 
dipping nodal planes). b) The corresponding misfit (RMS) between the homogenous fault models and the observations. c) 2D fitting plane using grid search to refine 
the trade-off between rake and strike angles. 
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Fig. 3. Water parameter estimation and validation. a) An example of the water area variations during March-September from Sentinel-2 imagery (prior to the 
mainshock). b) Ground tracks of ICESat-2 strong beams in the New Mirpur area (both ascending and descending). c) The water level estimations from Sentinel-2, 
Landsat-8 and AW3D30 DEM, and the measurements from ICESat-2 in 2019. d) The linear correlation between the Sentinel-2, Landsat-8, and ICESat-2 in 2019. 
e) Histograms of elevation error and statistics between different DEMs and ICESat-2. 
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sion under Bayesian inference, followed by a refined grid-search method 
to estimate the source parameters. The best-fitting finite fault slip model 
shows that fault rupture is mainly concentrated on a ~7× 9 km2 slip 
zone at depths from 4.3 km to 5.1 km dipping 4.0

◦

to NE (Fig. 6; see 
Table 1 for the model uncertainty). The slip motion is dominated by a 
reverse fault slip with a minor left-lateral strike-slip component. The 
maximum slip of 0.52 m occurred beneath the north of the upper Jhelum 
Canal at 4.6 km depth, where the largest damage was found at the 
surface (Salman et al., 2019). The modeled interferograms match the 
InSAR observations well with RMS of ~0.7 cm (Fig. 5c, f). Assuming a 
shear modulus as 30 GPa, the estimated moment magnitude Mw = 5.72 
is equivalent to the moment release as M0 = 4.27 × 1017 Nm . In gen
eral, this moment magnitude estimation is consistent with both global 

and local seismological solutions (Table 1). 

3.4. Coulomb stress model 

The modeled stress changes due to the water volume change of ~4.5 
km3 during the 2019 summer monsoon season show that shear stress 
change Δτ (destabilized effect) and normal stress Δσ (stabilized effect) 
provide opposite contributions to the fault stability (Fig. 7a–b). The 
stress field along variable dip angles indicates that the shear stress 
dominates the Coulomb stress change in a shallow dipping thrust 
(0–12

◦

), and the destabilized effect is canceled out until 30
◦

(Fig. S6). 
Therefore, in our shallow dipping thrust (i.e., near the maximum slip 
zone), the shear stress component is ~2 kPa larger than the normal 

Fig. 4. The estimations of water variations in Mangla reservoir (1987–2019). a) The estimation of water level; b) The water volume variations (refer to the 
acquisition at 20190126); c) and d) The peak-to-valley values of water variations during the summer monsoon season (i.e., June to September). 
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Fig. 5. InSAR observations and model predictions. The coseismic interferograms, finite slip model predictions, residuals, and LOS displacements along with the 
profile A1–A2 for ascending and the descending tracks, respectively (The warm and cold colormap represents surface movements close-to and away from the sat
ellites, respectively). 

Fig. 6. The finite slip distribution and conceptional fault models. a) The surface projection of coseismic slip distribution with 1× 1 km patches. The black dots 
represent the earthquakes with magnitudes larger than 3.0 in the ISC catalog (1977–2020). b) The 2D conceptional fault model on the profile A1–A2, the red, green, 
blue lines indicate the seismogenic fault, JKF, the SF, respectively. The dashed red line overlying the seismogenic fault represents the section without substantial slip 
motion. The dashed blue line indicates the possible connection of JKF and SF to the source fault. The dashed sky-blue arrows are the conceptual illustration showing 
the reservoir loading impacts. c) The 3D conceptional fault model similar to b). Note that the height and depth of the terrain in subplots b) and c) are not on the same 
scale for the visualization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Coulomb stress change on the source fault plane during the 2019 monsoon period. a) normal stress change Δσ; b) shear stress change Δτ; c) ΔS from 
direct reservoir loading; d) pore pressure change ΔP; e) ΔS with reservoir loading and pore pressure diffusion effect. The red star represents the location of maximum 
slip patch (~73.75

◦

E, 33.10
◦

N). The white dots are the historical earthquakes from the declustered ISC catalog (1977–2020). The red dashed lines represent two 
selected profiles B1–B2 and C1–C2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Coulomb stress changes along two selected profiles. a) the stress changes along the profile B1–B2; b)–c) the enlarged view near the maximum slip area (i. 
e., 10–20 km along B1–B2); d) the stress change along the profile C1–C2. 
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stress component, destabilizing the underlying seismogenic fault 
(Fig. 8b). Correspondingly, calculated Coulomb stress changes show that 
the maximum coseismic slip zone is located within the destabilized area 
with a loading induced ΔS of ~7 kPa (Fig. 7c; Fig. 8c). Two peaking ΔS 
increase zones (i.e., >10 kPa) exist at ~7 km near the maximum slip 
area along the striking profile C1–C2 (Fig. 8d). Considering the pore 
pressure diffusion process, the mean value of the pore pressure diffusion 
effect on the asperity ranged from 0.6 kPa to 4.3 kPa under different 
hydraulic diffusivities from 0.5 to 5 m2/s (Fig. 7e; Fig. S5b, g). Conse
quently, the pore pressure effect amplified the Coulomb stress applied to 
the fault plane and the total ΔS could reach as high as 15–25 kPa with 
the increased diffusion speed (Fig. S5b, g). 

4. Discussions 

During the 2019 summer monsoon season, the abnormal heavy 
rainfall caused a historic increase of ~4.5 km3 hydrological loads in the 
Mangla reservoir (Fig. 1b–c). This hydrological forcing alters the stress 
state of the subsurface and decreases the stability of the underlying 
thrust by two principal mechanisms: direct surface loading and pore 
pressure diffusion (Talwani, 1997; Johnson et al., 2017). Specifically, 
our stress model shows that the compressive normal stress increases the 
effective stress to discourage the fault slip (Fig. 7a), but the shear stress 
and pore pressure overcome this frictional resistance (Fig. 7b, d). 
Consequently, the Coulomb stress changes with or without pore pressure 
diffusion show consistent favoring impacts of 7–10 kPa at the maximum 
slip region, confirming the substantial destabilization from reservoir 
loading to the dislocation source (Fig. 7; Fig. S5e, j). The pore pressure 
estimation in our model has ambiguity associated with the hydraulic 
diffusivity c and the Skempton’s coefficient B (Gahalaut and Hassoup, 
2012). However, as the compressional term ΔPc is much smaller than the 
diffusion term ΔPd, the values of B do not make a substantial quantita
tive difference in our model. Even under a more permeable formation, 
the monotonic increase in pore pressure diffusion is supposed to main
tain the extent of the destabilized zone (Zhai et al., 2019). In addition, 
the comparative peak Coulomb stress variation in Mangla at 15–25 kPa 
is comparable to other confirmed reservoir triggering events at 2–30 kPa 
(Gahalaut and Hassoup, 2012; Tuan et al., 2017; Gahalaut et al., 2018), 
supporting the mechanism of loading triggering earthquakes if the 
source fault has already been stressed (Shi et al., 2013). 

The loading triggering mechanism contrasts with previous in
vestigations at the Mangla reservoir, in which the prevailing EW thrust 
system is supposed to increase the effective stress and dominate the fault 
stability, thereby driving the fault away from the failure (Adams and 
Ahmed, 1969; Brown, 1974). However, shear stress is sensitive to the 
dip angle and may destroy the fault stability when the loading forces on 
the hanging wall of a shallowly dipped thrust (Roeloffs, 1988; Talwani, 
1997). In a 2D numerical model, a new destabilizing area falls in the up- 
dip direction when the fault plane is shallowly dipping at 20

◦

(Roeloffs, 
1988). Similarly, we find that when the inferred thrust dips to 0–12

◦

beneath the Mangla reservoir, the shear stress modulates the Coulomb 
stress and encourages the slip in the up-dip direction of the seismogenic 
thrust (i.e., south of the reservoir) (Fig. 7; Fig. S6). This shear stress 
modulated phenomenon and destabilizing in the up-dip direction is 
consistent with modeling and observation in the Tehri reservoir, central 
Himalayas (Gahalaut et al., 2018). The impoundment of the Tehri 
reservoir exhibits a similar destabilizing area (i.e., positive ΔS zone) in 
the south of the reservoir when the loading is acting on the hanging wall 
and resolved to MHT (i.e., dipping to 5

◦

). The local seismic network in 
Tehri also confirms that most post-impoundment earthquakes are 
localized at the Coulomb stressing area. Similar to Tehri reservoir, the 
declustered ISC catalog shows that two-thirds of records (i.e., 20) in 
Mangla are situated in the positive ΔS zone and 12 events among them 
are located in the area with ΔS >2 kPa (Fig. 7c). 

Therefore, the occurrence of the loading destabilizing effect in a 
thrust environment requires two conditions (Roeloffs, 1988): 1) the 

reservoir is located on the hanging wall of a thrust fault plane, and 2) the 
candidate thrust fault plane is subject to a shallow dipping geometry. 
These two requirements and the wide extent of MHT along the Hima
layan arc draw additional attention to the seismic hazards in the Hi
malayan foothills (Avouac et al., 2006), which is generally regarded as a 
reservoir loading safety area (Gupta and Rajendran, 1986). The regional 
seismic hazards will be underestimated (e.g., Bhakra reservoir and Pong 
reservoir) if we only consider seismic hazards associated with the steep 
major Himalayan thrusting systems with dip angles of ~30

◦

(e.g., MBT 
and MCT), but ignore reservoir loading-induced shear stress increases on 
the shallow dipping thrust (e.g., MHT) (Gupta and Rajendran, 1986; 
Robert et al., 2009). 

Furthermore, the physical mechanical linkage between mass redis
tribution due to the Indian summer monsoon and earthquake occurrence 
is not limited to reservoirs. Various monsoon-related local hydrological 
loading and monsoon-induced disasters are expected to modulate the 
seismicity. For the direct loading dominant mechanism, it is commonly 
acknowledged that the monsoon-induced surface hydrological loading 
in the Ganges Basin modulates the seasonal seismicity rate on the MHT 
(Fu and Freymueller, 2012). The rapid inflow from the surface loading 
may also change the distribution of groundwater in the subsurface 
aquifer. As a consequence, elastic rebounds due to the mass redistribu
tion of groundwater may result in the extra stress perturbation on the 
seismogenic fault (González et al., 2012; Oestreicher 2018). Extreme 
weather during the monsoon season may also change the landscape due 
to erosion, landslides, and barrier dams, which are capable of decreasing 
the subsurface effective stress, favoring the slip along the specific fault 
planes (Steer et al., 2014; Chang et al., 2018). For the pore pressure 
diffusion modulated principle, monsoon-induced heavy rainfall and 
flooding cause a transient concentration of surface water flux and 
groundwater recharge, resulting in pore pressure diffusing to the source 
fault or decreasing the friction coefficient to encourage the slip motion 
(Hainzl et al., 2006, 2014). This was observed in the 2018 Kerala Flood, 
India. Monsoon rainfall increases the seismic risk by the infiltration of 
pore pressure, which decreases the effective stress (Ramasamy et al., 
2019). Similarly, the transient heavy rainfall in Palghar, India, during 
the 2019 abnormal monsoon season is deemed to be responsible for the 
reactivation of the earthquake swarm due to the pore pressure diffusing 
into the permeable fracture zone (Sharma et al., 2020). As the local 
precipitation data shows a substantial increase in 2019 (Fig. 1c), we 
speculate the hydraulic loading in the local aquifer may also influence 
the earthquake occurrence due to the fluid flow in the filled pore spaces 
from the differential pressure (Hu and Bürgmann, 2020). We suggest 
more in-situ data including the local aquifer stratification, the well data, 
GNSS data, and local seismic network are needed to map the accurate 
regional hydrological changes and decipher the modulation between the 
earthquake, reservoir operation and local aquifer system (Johnson et al., 
2017; Hsu et al., 2021). 

In contrast to MHT in the central Himalayas, which has been thor
oughly investigated (Duputel et al., 2016; Elliott et al., 2016; Xu et al., 
2016; Feng et al., 2017), the lack of surface rupture near the eastern SRT 
results in the remaining blind of localized MHT structure (Thakur et al., 
2010). Our fault model shows that the fault plane dips gently from ~4.0

◦

to the northeast at a depth of ~4.6 km (Fig. 6). This closely resembles a 
basal décollement structure beneath the foreland of the SRT (i.e., 
ramping part of the MFT; Rehman et al., 2016; Ghani et al., 2018). 
Beneath the Potwar Plateau and SRT, seismic profiles suggest that the 
décollement structure is 3–5

◦

northward dipping and partly linked with 
SRT (McDougall and Hussain, 1991; Chen and Khan, 2010). If we 
consider the MHT depth revealed near the Kashmir valley at 8–15 km 
(Paul et al., 2018), the MHT depth in front of the Mangla reservoir is 2–9 
km, which is in accordance with our estimation. The thinning of the salt 
layer between SRT and JBF from the in-situ survey and seismic reflection 
provides further evidence for the possible rupture of this grounded 
seated décollement (Davis and Engelder, 1985; Pennock et al., 1989). 
Therefore, our model provides compelling evidence for the MHT 
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décollement structure beneath the western terminus of the MFT (i.e., 
northeast of the SRT). 

5. Conclusions 

Our analysis of satellite optical and laser data covering the Mangla 
reservoir at the east flank of SRT in the western Himalayas demonstrates 
that the heavy rainfall during the 2019 Indian summer monsoon has 
caused a historic water volume increase of ~4.5 km3 at the Mangla 
reservoir. This significant mass change has increased up to 25 kPa 
Coulomb stress on the shallow décollement beneath the western end of 
the MFT, which is responsible for the 2019 Mw 5.7 earthquake. As 
extreme weather events from summer monsoons become more frequent 
in South Asia due to climate warming, the techniques and analyses 
presented here can help monitor unusual reservoir level changes and 
assess potential seismic hazards in densely populated and ecologically 
vulnerable regions. 
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