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Abstract: To evaluate stress distribution of the western India-Eurasia collision zone (IECZ), an 24 

iterative joint stress inversion technique has been applied to a declustered catalogue of 324 focal 25 

mechanisms for the first time. The results are then used to understand fault kinematics, 26 

seismogenesis and seismotectonics of the region. The inversion results reveal an NNE-SSW 27 

trending principal stress (σ1) with compression for the Himalayan seismic belt and an NNE-SSW 28 

trending σ1 with strike-slip stress regime for the Karakoram-Tibet, consistent with plate motion of 29 

the Indian plate. Within the Himalaya region, the western Himalaya (75º-77º E) exhibits arc-30 

oblique compression (NE-SW) in contrast to arc-normal compression (NNE-SSW) in central 31 

Himalaya beyond 77°E; consistent with GPS vectors. Stress field for the aftershock sequence of 32 

the 2005 Kashmir earthquake in the Hazara Syntaxis region show dissimilarity with its surrounding 33 

regions (Pamir, Nanga Parbat, Hindukush, etc.), however, exhibits similarity with that of the 34 

Central Himalaya; therefore, we suggest this earthquake be Himalayan-type. Within the 35 

Karakoram-Tibet region, the Karakoram fault exhibits transpression oriented towards NNE-SSW, 36 

while the transverse structure i.e., the Kaurik Chango rift (KCR) located south of the Karakoram 37 

Fault shows transtensional motion with N-S oriented principal stress. The stress ratio in the western 38 

IECZ largely varies between 0.07 and 0.9, thus supports the significant role of the intermediate 39 

stress axis (σ2) in the areas of low-stress ratios. Besides, the low-stress ratios for Hazara Syntaxis, 40 

Karakoram-Tibet and KCR reveal the role of local structural variability and multiple tectonic 41 

forces suggesting heterogeneous stress field in the western IECZ. 42 

 43 

 44 

 45 

 46 
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Introduction 47 

 In general, earthquakes are caused by failure on critically stressed faults within the 48 

seismogenic layer of the crust (Wallace, 1951; Bott, 1959; Vavryčuk et al., 2015).  Imaging the 49 

crustal stress field of an active region, using double-couple earthquake focal mechanism (FM) 50 

solutions could provide crucial information to understand the tectonic stress regime, its 51 

variability, and the role of local, regional, and transverse tectonics in earthquake generation. 52 

Knowledge of the stress regime would eventually help in constraining the kinematics, 53 

seismotectonics and seismic hazard estimation of a region. In the present study, the western part 54 

of the India-Eurasia Collision Zone (IECZ), predominantly compressional in nature, has been 55 

studied for imaging the stress field and its variability. The western IECZ is one of the ideal 56 

locations that ably represent the complex nature of structure and tectonics of IECZ that 57 

comprises of Himalayan intra-crustal boundary thrusts, normal faults in the Tethyan-Tibetan 58 

region and numerous transverse structures across the IECZ (Baranowski et al., 1984; 59 

Tapponnier et al., 1981). The western IECZ has experienced many destructive earthquakes in 60 

the past, such as Mw 7.6 Kashmir earthquake in 2005 (hereafter Kashmir earthquake) owing to 61 

the on-going plate convergence of 37-44mm/yr. between India and Eurasia continental plates 62 

(Banerjee and Bürgmann, 2002; Verma and Bansal, 2013 and references therein). Although the 63 

large/great earthquakes occur in the Himalayan front along the basal detachment, the majority 64 

of inter-seismic activity follow a linear trend, parallel to the Himalayan Arc, known as Himalayan 65 

Seismic Belt (HSB). The HSB is located between two intra-crustal boundary faults; Main Central 66 

Thrust (MCT) and Main Boundary Thrust (MBT). Besides these faults, two other major structures 67 

in the Tibetan Plateau of the western IECZ, namely, Karakoram Fault (KF) and Kaurik Chango 68 
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Rift (KCR) also show inter-seismic deformation through small to moderate size earthquakes 69 

(Gahalaut & Kundu, 2012; Ni & Barazangi, 1984).  70 

A few earlier studies have attempted to image the stress field of western IECZ utilizing 71 

the available FM solutions for small areas (Gahalaut & Rao, 2009; Mahesh et al., 2015; Prasath 72 

et al., 2017; Yadav et al., 2016; Yadav et al., 2017). Mahesh et al. (2015) have used sufficient 73 

number of FM solutions for the Garhwal-Kumaun Himalaya, however, some of their solutions 74 

were for the earthquakes of magnitudes M<2.0, which raise concerns on the reliability of these 75 

solutions and the resultant stress field. Later, Prasath et al. (2017) obtained Moment Tensor 76 

(MT) solutions of earthquakes with magnitudes 3.0≤M≤5.0 which had good signal to noise 77 

ratios and estimated the stress field for the Garhwal Himalaya. However, this study did not 78 

include the events located outside their network. For Kinnaur-Chamba region, Yadav et al. 79 

(2016, 2017) obtained the stress field using a catalogue of FM solutions, compiled from various 80 

sources and some of their own solutions. While their own solutions are well constrained, some 81 

of the solutions of earlier studies, which were reported as slip and slip directions instead of 82 

strike, dip, and rake, had to be converted before stress inversions; these FM solutions were 83 

found erroneous. The study by Gahalaut and Rao (2009) has estimated the principal stress 84 

orientations for the earthquakes of the epicentral region of Kashmir earthquake (Hazara 85 

Syntaxial Zone) and reported a different stress field from the Himalaya, which raised concerns 86 

over this earthquake being a Himalayan-type earthquake. None of the above-mentioned studies 87 

applied declustering techniques to the catalogue used, therefore possibility of internal stress 88 

perturbations in their data and corresponding results cannot be ruled out. Considering these 89 

factors, imaging the current stress field with a comprehensive, robust and declustered catalogue 90 

attains importance for this region. Therefore, in this study, we utilized a declustered catalogue 91 
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of 324 reliable FM solutions with magnitudes 2.0≤M≤7.6 (from ~450 initial FM solutions) to 92 

image the crustal stress field, its variability and to understand the seismotectonics, fault 93 

mechanics and dominant tectonic forces acting on this part of the collision zone. Further, the 94 

new data and detailed analysis for the Hazara Syntaxial zone including the aftershock sequence 95 

of the Kashmir earthquake may help in comparing the stress regime with other parts of the 96 

Himalaya and its surroundings. 97 

 98 

2. Structural setting 99 

The structural setting of the western IECZ (29°-37°N latitudes and 72°-81°E 100 

longitudes), is highly complex and comprises the western Himalayan Syntaxial zone, Western 101 

Himalaya, Garhwal-Kumaun Himalaya and part of the southern Tibetan region (Figure 1 and 102 

2). The Himalayan wedge (of both western and Garhwal-Kumaun Himalaya), sandwiched 103 

between southern Tibet in the north and the Indo-Gangetic plains in the south, occupies majority 104 

of the study area that comprises major intra-crustal boundary faults of the Himalaya, viz., 105 

Himalayan Frontal Thrust (HFT), MBT, MCT (locally known as Panjal Thrust), Southern 106 

Tibetan Detachment (STD) and Indus Tsangpo Suture Zone (ITSZ) (Figure 2) (Gansser, 1964). 107 

These northward dipping structures divide the region into four litho-tectonic units, namely, Sub 108 

Himalaya (SH), Lesser Himalaya (LH), Higher Himalayan Crystallines (HHC) and Tethyan 109 

Himalaya (TH) (Figure 2) (Gansser, 1964). Other distinct structural features in the Himalayan 110 

wedge are the Kishtwar Window (KW), Chamba Nappe (CN), Kullu-Larji-Rampur Window 111 

(KLRW) and Almora Klippen (AK) (Figure 2). 112 

The Western Himalayan Syntaxial zone that occupies the northwestern part of the study 113 

area, comprises of Salt Range Thrust (SRT, western extension of HFT), Khairabad Thrust (KT, 114 
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western extension of MCT), Main Mantle Thrust (MMT, an extension of ITSZ) and Main 115 

Karakoram Thrust (MKT). This also includes Nanga Parbat Syntaxis (NPS) in its northwest and 116 

Hazara Syntaxial zone (HSZ) in its core, where the Kashmir earthquake had occurred. The other 117 

significant geological features in this part are Balakot Bagh Fault (BBF), Jhelum Fault (JF) and 118 

Kashmir Basin (KB), which demonstrate low seismic activity (Figure 3). 119 

The major faults of the Himalayan arc emerge from a shallow and north dipping basal 120 

detachment fault, i.e., the Main Himalayan Thrust (MHT), located between varying depths of 121 

up to 20 km beneath the region (Ni &Barazangi, 1984).  The locked portion of the MHT, where 122 

the majority of the ongoing convergence and deformation is taking place is estimated to be 100-123 

120 km in width for the western and central Himalaya, whereas the syntaxial zone has broader 124 

width of 140-180 km (Li et al., 2018 and references therein). 125 

Northeastern part of the study area composed of Karakoram and southern Tibet, which 126 

is mainly controlled by the structures such as, KF, MKT, MMT and KCR. The KF, a dextral 127 

fault of ~800 km length and divides the Tibetan plateau into two parts as northwest and 128 

southeast with varying slip rates (Leech, 2008; Phillips et al., 2004; Kundu et a., 2014). The 129 

convergence rate along the Leh-Ladakh region, around KF, is 17.8±1mm/yr., while the Western 130 

Himalaya and Garhwal-Kumaun Himalaya of the Central Himalaya reveal a lower convergence 131 

rate of ~15mm/yr. (Verma and Bansal, 2012; Jade et al., 2014, 2017; Mondal et al., 2016 and 132 

references therein). Besides KF, two major sinistral strike-slip faults are also located in southern 133 

Tibet, namely, (i) Longmu-Gozha Fault (LGF) and (ii) Karakax Fault (KXF) (Figure 3). South 134 

of these faults lies the KCR, a transverse and trans-tensional structure, which is suggested to 135 

have a seismogenic relationship to the earthquakes of the Garhwal Himalaya, located further 136 

south (Arora et al., 2012).  137 
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3. Stress Inversions 138 

3.1. Data selection 139 

The catalogue of FM solutions used in this study has been compiled from earlier studies 140 

and 86 solutions from the Global Centroid Moment Tensor (GCMT) catalogue (Baranowski et 141 

al., 1984; Chandra et al., 1974; Das Gupta et al., 1982; Dziewonski et al., 1981; Ekström et al., 142 

2012; Gahalaut&Rao, 2009; Hazarika et al., 2017; Hajra et al., 2021; Kanna et al., 2018; 143 

Mahesh et al., 2018; Negi et al., 2017; Parija et al., 2018; Paul et al., 2018; Prasath et al., 2017; 144 

Ram et al., 2005; Rastogi, 1974; Singh et al., 2018; Srinagesh et al., 2018; Kumar et al., 2009; 145 

Molnar & Chen, 1983; Molar & Lyon-Caent, 1989; Srivastava et al., 1987; Tandon and 146 

Srivastava, 1975; Verma and Sekharm 1986;Verma et al., 2015; Yadav et al., 2016). Out of the 147 

available ~450 FM solutions, 376 solutions that passed the quality criteria were chosen for the 148 

detailed analysis. The primary role of the quality criteria was to select crustal earthquakes with 149 

magnitude M≥2.0. The majority of those earthquakes (N=334) are in the upper crust (0-25 km 150 

depth range). The quality criteria include (i) the technique used to obtain FM solutions (MT 151 

inverted results were given preference), (ii) availability of local network data, and (iii) minimal 152 

errors, e.g., DC% and CLVD% for MT solutions and number of available stations for other 153 

types of techniques such as FOCMEC, INVRAD. FOCMEC utilizes the onset of P-wave arrival 154 

(up and down motion) known as P-wave polarity readings (Snoke, 2003), while the INVRAD 155 

technique makes use of both P-wave polarity readings and body wave amplitude matching (Ebel 156 

and Bonjer, 1990). Polarity readings tend to vary and largely depend on the azimuthal coverage 157 

of seismic record and number of stations, while the FM solutions obtained using MT techniques 158 

show much more stability. Hence, in the instance of multiple solutions with moment tensors 159 

against other types of FM solutions, the MT solutions were preferred (Supplementary table S1). 160 
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Most of the MT solutions used in the study are obtained using the multi-point-source 161 

representation and iterative deconvolution method, similar to the one explained by Kikuchi and 162 

Kanamori (1991) for teleseismic earthquakes. The latest inversion programs such as Isolated 163 

Asperities (ISOLA) and Kinematic waveform inversion tools (KIWI) were used to achieve the 164 

MT solutions (Sokos and Zahradník, 2008; Cesca and Heimann, 2013). Further, in case of 165 

multiple solutions with similar techniques (e.g., MT), only the solutions obtained using local 166 

networks and with a larger number of station records were used. For example, in the case of ML 167 

5.5 Dharamshala earthquake (1986), which has multiple solutions, we have chosen the one 168 

which is based on local network data and has better azimuthal coverage (Supplementary Table 169 

S1). The resultant catalogue, which is used in the present study for stress inversion, thus has 170 

324 FM solutions (Figure 3, 4; Supplementary tables S2, S3) 171 

3.2. Methodology 172 

We used an iterative joint inversion technique to obtain stress and fault orientations, 173 

based on the inversion method of Michael (1984, 1987). This assumes that the trace of the stress 174 

tensor is to be zero and the stress tensor is normalized. 175 

 𝑇𝑟(τ) =  σ1 + σ2 + σ
3 

=  0        - (1) 176 

Michael’s stress inversion employs expressions for normal and shear tractions on a fault 177 

σ𝑛 and τ as follows,  178 

τN𝑖 = τ𝑘𝑗𝑛𝑗(δ𝑗𝑘 − n𝑖𝑛𝑘) (Simplified)      - (2) 179 

where δ𝑗𝑘is Kronecker delta. Tis traction along a fault, n is fault normal and N is the unit 180 

direction vector of shear stress along a fault. Here, τ is normalised to be 1. 181 

Eq. (2) in matrix form may written as: 182 

At=s           - (3) 183 
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where s is the unit direction of slip vector and t is the vector of stress components, expressed as 184 

follows,  185 

𝑡 = [τ11τ12τ13τ22τ23]
𝑇         - (4) 186 

A is the 3 ∗ 5 matrix calculated from fault normal n, 187 

[
 
 
 
 
 
𝒏𝟏(𝒏𝟐

𝟐 + 𝟐𝒏𝟑
𝟐)

𝒏𝟐(𝟏 − 𝟐𝒏𝟏
𝟐)

𝒏𝟑(𝟏 − 𝟐𝒏𝟏
𝟐)

𝒏𝟏(−𝒏𝟐
𝟐 + 𝒏𝟑

𝟐)

−𝟐𝒏𝟏𝒏𝟐𝒏𝟑

𝒏𝟐(−𝒏𝟏
𝟐 + 𝒏𝟑

𝟐)

𝒏𝟏(𝟏 − 𝟐𝒏𝟐
𝟐)

−𝟐𝒏𝟏𝒏𝟐𝒏𝟑

𝒏𝟐(𝒏𝟏
𝟐 + 𝟐𝒏𝟑

𝟐)

𝒏𝟑(𝟏 − 𝟐𝒏𝟐
𝟐)

𝒏𝟑(−𝟐𝒏𝟏
𝟐 − 𝒏𝟐

𝟐)

−𝟐𝒏𝟏𝒏𝟐𝒏𝟑

𝒏𝟏(𝟏 − 𝟐𝒏𝟑
𝟐)

𝒏𝟑(−𝒏𝟏
𝟐 − 𝟐𝒏𝟐

𝟐)

𝒏𝟐(𝟏 − 𝟐𝒏𝟑
𝟐) ]

 
 
 
 
 

  - (5) 188 

Using Eq. (5) for focal mechanisms of K earthquakes with known fault normal (n) and slip 189 

vectors(s), a system of 3 K linear equations for five unknown components of stress tensor could 190 

be obtained. Finally, the eq. (1) can be applied to solve the system using generalized linear 191 

inversion in the L2-norm (Prasath et al., 2017 and references therein).  192 

𝑡 = 𝐴−𝑔𝑆           - (6) 193 

The traditional stress inversion methods usually use both the nodal planes of the FM 194 

solutions, because it is difficult to differentiate the fault plane and auxiliary plane. Michael ’s 195 

method (1984) produces a less accurate stress tensor, owing to the incorrect orientations of the 196 

fault planes. 197 

The stress inversions were performed in MATLAB environment using the program 198 

STRESSINVERSE (Vavryčuk, 2014, available at https://www.ig.cas.cz/en/stress-inverse/). This 199 

program utilizes both the nodal planes of FM solutions and makes use of the Mohr-Coulomb 200 

failure criterion and fault instability analysis to identify the fault planes and better stress 201 

orientations (Scoltz, 2002; Vavryčuk et al., 2015 and references therein).  202 
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The Mohr-Coulomb failure criterion shows that the shear stress on an active fault must 203 

exceed a critical value τc for failure (rupture) to occur. This value is calculated from effective 204 

normal stress σ, cohesion C and fault friction µ using the following relationship.  205 

τ𝑐 = 𝐶 +  µ (σ𝑛 − 𝑝)             - (7) 206 

Here, the effective normal stress σ is given as(σ𝑛 − 𝑝), whereσ𝑛 is normal stress and 𝑝 is pore 207 

pressure.  208 

and, 209 

τ𝑐 = 𝐶 +  µ ≥ 0             - (8) 210 

If the Mohr-Coulomb failure criterion is satisfied, then the fault becomes unstable and 211 

breaks (occurrence of an earthquake). Higher the shear stress difference, more the instability of 212 

a fault and hence susceptible to failure; this fault is called the “principal” fault (Vavryčuk, 2011). 213 

The principal fault is defined as a point wherethe Mohr-Coulomb failure criterion touches the 214 

Mohr’s circle diagram (Figure 5).  215 

The instability analysis can be performed with the nominal values of 0 to 1, where the 216 

maximum value being the maximum possibility to be ruptured (Vavryčuk et al., 2013). The fault 217 

instability I (of all fault orientation) can be defined using the following formula,  218 

𝐼 =
τ−µ(σ−σ1)

τ𝑐−µ(σ𝑐−σ1)
         - (9) 219 

where, σ𝑐 and τ𝑐 are the effective normal and shear stresses along the principal fault, while τ 220 

and σ are the effective normal and shear stress along a fault (Figure 5).  221 
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 The quantity I is independent of absolute stress values, hence the fault instability can be 222 

evaluated just from friction and shape ratio. Eq. (9) has been simplified as follows. Detailed 223 

steps could be checked from Vavryčuk et al. (2015). 224 

𝐼 =
τ−µ(σ−1)

µ+√1+µ2
         - (10) 225 

 σ = 𝑛1
2 + (1 − 2R)𝑛2

2 − 𝑛3
2         - (11) 226 

 µ = √𝑛1
2 + (1 − 2R)2𝑛2

2 + 𝑛3
2 − (𝑛1

2 + (1 − 2R)𝑛2
2 − 𝑛3

2)2   - (12) 227 

Here, n is the fault normal expressed in the coordinate system of the principal stress 228 

conditions. The quantity R is the shape ratio (hereafter, R-value), which is the stress ratio 229 

between the principal stress axes (σ1- σ3), using the following relation (Gephart & Forsyth, 230 

1984). 231 

𝑅 =
(σ1 − σ2)

(σ1 − σ3⁄ )         - (13) 232 

The R-value varies between 0 and 1 and provides information on the relative 233 

contribution of principal stresses to the overall stress field. A low R-value represent the 234 

influence of σ2, besides σ1, while the high R-value suggest the role of dominant σ1 235 

An alternative stress ratio (ϕ) has also been given in Michael. (1984), as follows, 236 

𝜙 =
(σ2 − σ3)

(σ1 − σ3⁄ )         - (14) 237 

The study by Delvaux et al. (1995) have shown the variation in ϕ-value for varying stress 238 

regime and explained the stress magnitude using this ϕ-value. We have used the following 239 

relationship by solving Eq. (13) and Eq. (14) to convert the ϕ values into R-values to discuss 240 

the stress magnitude of the principal stresses in this study (Figure 6). 241 
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 𝜙 = 1 − 𝑅              (15) 242 

Initially, the stress inversion has been applied to the dataset in iterations using Michael’s 243 

method to solve the stress field, without the instability criterion. Later, this information was 244 

used to derive instability using Eq. (10) in the second iteration and the iterations are 245 

continuously performed until the solutions converge to an optimal value. The identified faults 246 

were plotted on Mohr circle diagram to identify the optimal planes (hereafter principal FM 247 

solutions).  248 

The friction (µ ) values generally vary between 0.4 and 0.8 (Vavryčuk, 2011), however, 249 

the friction value of up to 1.0 has been reported in the Himalayan region by Chander and 250 

Gahalaut (1995). Hence, in the context of the present study, the friction coefficient with range 251 

0.4-1.0 was used for the stress inversion.  252 

A refined methodology has been applied to the dataset of 376 FM solutions; that is to use 253 

only the mainshocks to remove the possible internal stress perturbations in the data (Martínez‐254 

Garzón et al., 2016). The declustering method given by Reasenberg (1985) has been used for the 255 

ISC catalogue of earthquakes for the reporting period and resulted in 324 FM solutions for the 256 

analysis. A total of 191 FM solutions (out of 324) are from MT inversion techniques, while the 257 

remaining are from one or a combination of the following techniques, (i) Body-wave synthetic 258 

matching, (ii) P-wave polarity readings and (iii) Amplitude inversions. 259 

 3.3. Initial identification of zones 260 

 The dataset was initially inverted to evaluate the overall state of stress in the western 261 

IECZ (Inv. ID 1, N=324). Taking into consideration the spatial variability of faulting types of the 262 

available FM solutions, we categorized the data into three sets, viz., (i) HSB with thrust type 263 

FM solutions (Inv. ID 2, N=259), (ii) north of HSB (Karakoram-western Tibet) with strike-slip 264 
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and normal fault type (Inv. ID 3, N=56) and (iii) HFT and IGP region with normal fault type 265 

(Inv. ID 4, N=9). Further, based on the regional and local variations in geology and tectonics and 266 

the geographical proximity of available the FM solutions, the region has been divided into a total 267 

of nine different zones (Inv. IDs 5-13, Table 1). Zones (1-4) are in the Himalayan Arc and includes 268 

Garhwal-Kumaun Himalaya (GKH), Shimla Hills (SH), Kangra-Chamba (KC) and Kishtwar-269 

Zanskar (KZ). The Garhwal and Kumaun sectors have similar geological and tectonic setup and 270 

traditionally considered an integral part (Valdiya, 1980a, b), hence, these two regions have been 271 

considered as a single zone (GKH). The SH and the KC are different in many aspects such as 272 

geology, tectonics, and seismicity level, etc. Besides, the width of the LH is less in KC, compared 273 

to that of GKH and SH zones. Also, the seismic activity is high in the KC and GKH, when 274 

compared to the SH zone. Therefore, studying the stress pattern of these regions separately attain 275 

importance. The seismicity in KZ zone is mainly concentrated around the Kishtwar window and 276 

studied separately for stress inversion. HSZ, which is the epicentral region of the Kashmir 277 

earthquake, is spatially separated from rest of the zones (1-4) by the Kashmir basin, which 278 

produces very low seismicity; hence this zone is studied separately. Other than these zones, the 279 

earthquakes with predominantly normal faulting mechanisms in and around the NPS zone are 280 

assigned a separate zone (6). The zones (7) and (8) both are located around the KF in its north 281 

(KF-N) and central (KF-C) parts, separated by the Nubra valley, where no or little seismic activity 282 

is reported at present. Zone (9) is the only zone in the present study, which is focused completely 283 

on a transverse structure, i.e., KCR. The nine seismotectonic zones identified in this study are, 284 

(i) GKH with 145 FM solutions (Inv. ID 5), (ii) SH with 12 FM solutions (Inv. ID 6), (iii) KC 285 

with 47 FM solutions (Inv. ID 7), (iv) KZ with 24 FM solutions (Inv. ID 8), (v) HSZ with 37 286 

FM solutions (Inv. ID 9), (vi) NPS with 9 FM solutions (Inv. ID 10), (vii) KF (north) with 13 287 
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FM solutions (Inv. ID 11), (viii) KF (central) with 10 FM solutions (Inv. ID 12) and (ix) KCR 288 

with 20 FM solutions (Inv. ID 13) (Figure 3 and 4). Besides, the inversion has been performed 289 

separately for the aftershocks of the Kashmir earthquake to understand its stress pattern from 290 

37 FM solutions (Inv. ID 14, Supplementary table S4). For each inversion, we compute the 291 

best-fitting stress field vectors, maximum (σ1), intermediate (σ2) and minimum (σ3), the shape 292 

ratio/stress ratio (R-value), and principal FM solutions, which govern the susceptibility of a 293 

fault to be ruptured under the given stress conditions. Based on the results and the methodology 294 

explained in Martínez‐Garzón et al. (2016) and Abolfathian et al. (2019), some of these zones 295 

have been further merged (Inv. IDs 15-17) and re-analyzed for results on stress distribution. 296 

The merged zones are (i) GKH-SH zone (Inv. ID 15, N=157), (ii) KC-KZ zone (Inv. ID 16, 297 

N=71) and KF zone (Inv. ID 17, N=23). 298 

 299 

4. Results 300 

The results of inversion for individual zones and different combinations are presented 301 

in Table 1 and Figure 7. The result of the inversion for the overall region with 324 FM solutions 302 

(Inv. ID 1) shows a compressional tectonic regime with dominant σ1 oriented towards NE-SW 303 

(213.67º/14.5º ±1.7º, azimuth/plunge with error) and R-value of 0.88±0.03. Further, inversions 304 

for the Himalayan and Tibetan regions show distinct thrust and strike-slip faulting mechanisms 305 

respectively. The Himalayan region show NE-SW trending σ1 (220.84º/13.9º ±1.7º), while the 306 

Karakoram-Tibet region show NNE-SSW trending σ1 (25.99º/4.2º ±88.9º). The mixed stress 307 

regime between strike-slip and normal fault makes it difficult to distinctly derive σ1 and σ2 for 308 

this inversion; hence the inversion resulted in large errors for these two stress axes. The stress 309 

ratios 0.76±0.02 and 0.07±0.27 for these two broad zones, viz., the Himalaya (Inv. ID 2) and 310 
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Karakoram-Tibet (Inv. ID 3), respectively are different and are discussed in a later section. 311 

Further, the comprehensive analysis on stress inversion quality by Martínez‐Garzón et al. (2016) 312 

suggests a minimum number of 20 FM solutions to resolve a stress field for noise-free data. 313 

Therefore, the results for the HFT-IGP zone with only 9 FM solutions (Inv. ID 4) are not 314 

discussed in detail (Table 1). 315 

The zone-wise results obtained show varying tectonic stress fields and orientations for 316 

different zones as presented below. 317 

4.1. Himalayan region 318 

The inversion results for zones in the Himalaya (Inv. IDs 5-13) show a compressional 319 

tectonic regime with horizontal and dominant σ1 oriented towards NNE-SSW to NE-SW. The 320 

SH region (Inv. ID 6) with only 12 solutions has been merged with GKH (Inv. ID 5), because 321 

both the inversion results show similar and dominant σ1 (210.6/20.2 ±6.0 and 322 

213.89º/8.85º±2.5, respectively) with high R-values, 0.82±0.12 and 0.73±0.05, respectively. 323 

The result of this merged zone i.e., GKH-SH (Inv. ID 15) with 157 FM solutions shows pure 324 

compression with horizontal σ1 (213.32º/10.8 ±2.1) and σ2 (112.85º/2.52º±4.9) and vertical σ3 325 

(19.8º/78.96º ±4.9) with high R-value (0.80±0.03). Although the stress regime is similar in 326 

different parts of the Himalaya, the stress orientation, in particular, the σ1 for the KC and KZ 327 

zones are different from the GKH. The σ1 for these two zones (KC and KZ) are estimated to be 328 

233.21/18 ±9.5 and 220.3/18.4 ±8.0 with R-values 0.7±0.13 and 0.90±0.18, respectively. As 329 

the two zones show close results, we have merged these zones to form a single zone (Inv. ID 330 

16) and the results show pure compression with horizontal σ1 (226.06/21 ±4.6) and σ2 331 

(132.15/10 ±12) with vertical σ3 (18.19/66.45 ±11.9), while the stress ratio is estimated to be 332 

0.87±0.04. 333 
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4.2. Hazara and Nanga Parbat Syntaxial zones 334 

 The results for the HSZ (Inv. ID 9) and the separate inversion for the aftershocks of 335 

Kashmir earthquake occurred between 8th October 2005 and 28th of December 2005 with 336 

magnitudes MW≥4.7 (Inv. ID 14), both show nearly similar stress field with horizontal σ1 337 

(212.85/14 ±11.8 and 216.38/13.2 ±4.7, respectively) and σ2 (120.62/8.86 ±11.2 and 124.9/6.29 338 

±10.4, respectively) and vertical σ3 (359.2/73.34 ±7.7 and 9.96/75.35 ±9.9, respectively). 339 

However, the R-value varies significantly, 0.39±0.09 and 0.66±0.07 for HSZ (Inv. ID 9) and 340 

aftershocks of the Kashmir earthquake (Inv. ID 14) respectively. The NPS zone (Inv. ID 10) 341 

located to the northeast of the HSZ shows pure extension with vertical σ1 (352.87/83.7 ±16.5) 342 

and horizontal σ2 (237.12/2.75 ±16.9) and σ3 (146.9/5.67 ±11.8) with R-value of 0.56±0.25. 343 

Even though the FM solutions available for this region (NPS zone) is few (N=9), with distinct 344 

fault type (normal) and for their peculiar location (within the NPS zone), these events are 345 

reported and discussed in the present study Besides, the errors are relatively low, hence the 346 

results are used for the discussion in the next section. 347 

4.3. Karakoram-Tibet 348 

 Three zones have been identified in this region: two along the KF, in its north (Inv. ID 349 

11) and its central segment (Inv. ID 12) and one along the transverse structure , KCR (Inv. ID 350 

13). The results of the two zones along the KF are similar and have a low number of FM 351 

solutions (13 and 10, respectively), hence these two zones are merged to form a single zone 352 

(Inv. ID 17). The resultant inversion for the KF zone shows strike-slip motion with horizontal 353 

σ1 (119.5/15.3 ±4.7), σ3 (292.4/10.62 ±7.7) and vertical σ2 (55.93/71.2 ±8.8) with an R-value 354 

of 0.79±0.09. The stress field for inversion of FM solutions along the transverse structure KCR 355 

(Inv. ID 13) shows that the region has a dominant strike-slip stress regime with horizontal σ3 356 
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(262.8°/15.8° ±18.3°), sub-vertical σ2 (154.88°/47.5° ±70.9°) and sub-vertical σ1 (5.71°/38.2° 357 

±70.9°) with very low R-value of 0.14±0.15. 358 

The principal FM solutions (for the faults plotted on the upper and lower hemisphere of 359 

the Mohr’s circle diagram, respectively) for each inversion have been presented in table (1) 360 

alongside the preliminary results. 361 

  362 

5. Discussion: varying stress field and stress ratio 363 

The computed stress field shows an overall transpressional stress regime with dominant 364 

σ1 (Inv. ID 1). However, the individual zones often show quite different stress fields. The stress 365 

field for the events along the HSB (Inv. ID 2) shows compression with horizontal NE-SW-366 

oriented σ1, which is oblique to the direction of the on-going India-Eurasia collision (NNE-367 

SSW). The high-stress ratio (R=0.88) suggests the dominant role of σ1 in this terrane. Further, 368 

the low angle plunge for the σ1(13.9 º), which suggests the mid-crustal ramp of the detachment 369 

(MHT) could be the causative fault in this stress regime. Moreover, the second nodal plane of 370 

the principal FM solution which corresponds to the individual faults projected on to the Mohr’s 371 

circle diagram with 8.83º dip angle show conclusively that the shallow dipping detachment with 372 

5°-10° dip angle is the causative fault and the most susceptible one for failure in the future 373 

(Seeber et al., 1981; Ni and Barazangi, 1984). The results for the Karakoram-Tibet regions (Inv. 374 

ID 3) show a transtensional stress regime with NNE-SSW-oriented σ1 and a very low-stress 375 

ratio (R=0.07). The steep dip angles (90º and 85º) obtained from the principal FM solutions are 376 

consistent with the dominant strike-slip and transverse structures in this region, such as KF and 377 

KCR. In a strike-slip stress regime, the low value of R indicates dominant stress magnitudes of 378 



18 
 

σ1 and a significant contribution from σ2 (Figure 6 and 7). This suggests the influence of local 379 

structures along with the regional tectonic forces in the Karakoram-Tibet region. 380 

5.1. The Himalayan region 381 

The GKH-SH zone (Inv. ID 15) of the Central Himalaya shows compressional stress 382 

regime with arc-normal σ1 (NNE-SSW), i.e., perpendicular to the trend of Himalayan Arc, in 383 

good agreement with the direction of relative motion of the Indian plate with respect to the 384 

Eurasian plate (Figure 7 and 8). The high R-value of 0.80 indicates that the generation of 385 

seismogenic stress in the region is mainly controlled by σ1 (Table 1). The low-angle plunge of 386 

σ1 (10.8º) with the preferred nodal plane of principal mechanism (12.87º) suggest active 387 

deformation along the mid-crustal ramp of detachment, which has a shallow dip angle of <20º 388 

in this region (Ni & Barazangi, 1984; Caldwell et al., 2013 and references therein). Despite 389 

having similar (compressional) stress regimes such as the GKH-SH zone, the KC-KZ zone (Inv. 390 

ID 16) show arc-oblique principal compressive stress (i.e., oblique [σ1≠90º] to the structures of 391 

the Himalayan Arc; ~65º in this context) in comparison to the arc-normal principal compressive 392 

stress (σ1=90º to the Arc) for GKH-SH zone (Inv. ID 15) (Figure 7 and 8). Similarly, the plunge 393 

angle is also higher for this region (21º) in comparison to the GKH-SH zone (10.8º). However, 394 

the R-values and principal FM solutions are nearly similar for both zones. Previous studies 395 

based on the erosional rates, thermo-chronology, topography, geomorphological indicators, and 396 

earthquake MT solutions have proposed that the 77º E longitude, which separates the GKH-SH 397 

regions from the KC-KZ region, is a transition between contradictory tectonic settings on either 398 

side (Eugster et al., 2018; Nennewitz et al., 2018). Besides, Seeber & Pêcher (1998) proposed 399 

that the India-Eurasia convergence is arc-normal in the central Himalaya and becomes arc-400 

oblique in western Himalaya, which is consistent with the recent plate motion models by Kundu 401 
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et al. (2014), where GPS slip vectors supports the arc-normal convergence in Central Himalaya 402 

(including GKH-SH zone) and oblique convergence in Western Himalaya (KC-KZ and 403 

Kashmir). In their study (Kundu et al., 2014), the obliquity of convergence angle in the central 404 

Himalaya marked as “obliquity 0” and the change in the obliquity for the western Himalaya 405 

reported to be ~29º±5º, which is comparable with the present study with change in the obliquity 406 

of ~14º between central Himalaya (Inv. ID 15) and western Himalaya (Inv. ID 16). It is to be 407 

noted that the obliquity changes from east to west as the KC zone shows obliquity of ~10º, 408 

while the KZ zone shows obliquity of around ~23º, consistent with the obliquity of ~29º±5 409 

reported by Kundu et al. (2014). The oblique convergence along western Himalaya produces 410 

pure shear along the KF, located northeast of this region and thrusting along the Himalayan 411 

intra-crustal thrusts (Kundu et al., 2014 and references therein). The change in convergence 412 

perturbs the regional stress field and produces the arc-oblique stress field in the zones. 413 

5.2 Hazara and Nanga Parbat syntaxes 414 

The inversion for the declustered catalogue of FM solutions for the HSZ (Inv. ID 9) shows 415 

compression with principal stress axes like the ones for the GKH-SH zone (Inv. ID 15). The 416 

low R-value (0.39) for this zone suggests that the region experiences pure to radial 417 

compressional fault motion and indicate the significant contribution of σ2, besides the dominant 418 

σ1. This is probably due to the multiple tectonic forces present in the HSZ such as Hind Kush 419 

in the northwest, Pamir in the north and northeast and Himalaya in the southeast. Besides, unlike 420 

the study by Kundu et al. (2014), which suggests the HSZ has an oblique convergence like the 421 

KC-KZ zone, our study reports the stress field of the HSZ to be similar to the Central Himalaya 422 

with horizontal σ1 (212.85/14 and 213.32º/10.8, respectively), σ2 (120.62/8.86 and 423 

112.85º/2.52º, respectively) and vertical σ3 (359.2/73.34 and 19.8º/78.96º, respectively). The 424 
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NPS located northeast of the HSZ show pure extension with an R-value of 0.56. Despite the 425 

low number of available FM solutions, owing to similar faulting mechanisms in the zone (i.e., 426 

extension), the resultant stress field has acceptable errors ranging from 11.8° to 16.9° for 427 

principal stress axes and ±0.25 for R-value. The inversion result (pure extension) for this region 428 

(NPS, Inv. ID 10), which is located between the Kohistan and Ladakh batholiths, rules out the 429 

association of MMT in generation of seismicity in this region. Moreover, the principal FM 430 

solutions show the causative fault to have an extensional motion with a steep dip angle (~60º), 431 

further suggesting that the stress regime is controlled by normal faulting along the Kohistan 432 

batholith as proposed in the previous studies (DiPietro et al., 2000; Seeber & Pêcher, 1998. 433 

Moderate R-value (0.56) suggests pure extensional motion along the faults in this region, in 434 

contrast to the HSZ, with dominant σ1 and minimal role of σ2 and σ3. 435 

5.2.1 Aftershocks of 2005 Kashmir earthquake 436 

The inversions for the Kashmir earthquake and its aftershocks show little difference in 437 

stress orientations from its epicentral region, i.e., HSZ (Figure 7). However, the stress ratio 438 

reveals a moderately high R-value (0.66) for the aftershock sequence (Inv. ID 14) than the 439 

inversion results of the declustered catalogue for its epicentral region (Inv. ID 9) (Table 1). This 440 

suggests the dominant role of σ1 as in other Himalayan regions (e.g., GKH-SH and KC-KZ) 441 

during the Kashmir earthquake. However, the Hindu Kush and Pamir regions located adjacent 442 

to HSZ, show contrasting stress fields with the HSZ. The stress orientations for the 2005 443 

aftershock sequence and its epicentral region (HSZ), show NNE-SSW oriented σ1, while the 444 

Hindu Kush and Pamir regions show NNW-SSE oriented strike-slip tectonics (Figure 7, 8) with 445 

varying stress orientation (σ1) owing to different tectonic forces acting in these regions, such as 446 

slab pull in Hindu Kush region (Gahalaut & Rao, 2009 and references therein). Besides, the 447 
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KC-KZ zone (NE-SW oriented σ1) separated from the HSZ by the Kashmir valley with very 448 

low seismicity also shows dissimilarity. In an earlier study, the stress field of the aftershocks of 449 

the Kashmir earthquake and HSZ were compared with that of the Himalaya, leading to 450 

apprehension over its origin being a Himalayan earthquake (Gahalaut &  Rao, 2009). However, 451 

in their study, they used FM solutions of earthquakes from the entire Himalayan Arc. Besides, 452 

with more FM solutions and detailed zone wise analysis in the present study provides new 453 

insight into the stress field of the epicentral region of the Kashmir earthquake (HZS, Inv. ID 9) 454 

as well as its aftershocks (Inv. ID 14). The stress orientations for the HSZ and aftershock 455 

sequence shows horizontal σ1 (212°/14° and 216°/13°), σ2 (120/9° and 125/6°) and vertical σ3 456 

(359/73° and 10/55°), and the principal FM solutions are found to be similar to that of the 457 

Himalayan zones, e.g., for GKH-SH of the Central Himalaya region with σ1=210°/17.5°, 458 

σ2=118°/6° and σ3 =8.9°/71°. Besides, the preferred fault planes from principal FM solutions 459 

for HSZ and the aftershock sequence of the Kashmir earthquake, show shallow dip angles (22º 460 

for both the inversions), similar to the mid-crustal ramp of the Himalaya (≤25º) (Table 1) 461 

(Gahalaut & Kalpna, 2001; Prasath et al., 2017; Seeber et al., 1981). Further, the moderately 462 

high R-value (0.66) for the aftershock sequence reveals nearly pure compression with dominant 463 

σ1 during the aftershock activity similar to the zones from the Himalayan Arc. Hence, we 464 

categorize the Kashmir earthquake to be a Himalayan-type earthquake.  465 

 466 

 5.3 Karakoram Fault 467 

The seismicity around KF is concentrated in its north (approx. 37º-35º N) but diffused 468 

in the central zone (approx. 35º-33º N) separated by the aseismic Nubra valley (Figure 2). We 469 

performed the inversions separately for these two zones to understand the stress distribution 470 
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along the north and central segment of this fault. However, due to the unavailability of the 471 

required minimum number of FM solutions (N~20) for this region, the zones were merged. 472 

Besides, the area to the south of 33° N show almost negligible seismicity and could not be 473 

considered for the inversions. The results for the north and central segment of the KF show 474 

strike-slip tectonics with NE-SW oriented σ1, similar to that of the Himalayan region and 475 

suggestthe active nature of the KF. The high R-value (0.79) computed for the KF with strike-476 

slip stress regime suggests transpressional motion (Figure 8 and 9). The geological study carried 477 

out by Raterman et al. (2007) on varying faulting style along the KF has reported transpressional 478 

motion along its northern segment between 37º and 34º N and transtension in its south between 479 

34º and 32º N. In the present study, however, we could reliably determine a single stress field 480 

for the northern segments between 37° and 34° N, precisely up to 33.5° N (Inv. ID 17) with 481 

transpressional motion, which is well consistent with the geological and GPS velocity vectors 482 

(Raterman et al., 2007; Kundu et al., 2014). Also, the principal FM solutions for this zone 483 

suggest steeply dipping seismogenic fault with 74º-86º dip angle. Owing to the unavailability 484 

of FM solutions, the stress field for the southern segment of KF could not be attempted.  485 

5.4 Kaurik Chango Rift 486 

The stress field along the KCR shows that the region is currently experiencing mixed or 487 

oblique-slip tectonics with horizontal σ3 and N-S oriented vertical σ1 and σ2, which is 488 

compatible with that of current geological, seismological and plate motion models, suggesting 489 

that the KCR region is experiencing E-W directed transtension (DiPietro et al., 2000; Gahalaut 490 

and Kundu., 2012; Jade et al., 2014; Tapponnier et al., 1981; Kundu et al., 2014). Besides, the 491 

very low R-value (0.15) indicates that the region is experiencing pure transtensional fault 492 

motion (Figure 9). The nodal planes of the principal FM solution obtained for the stress 493 
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inversion of earthquakes in this zone show steep dip angles (83° and 55°). The preferred fault 494 

plane with strike 17.21°, dip 83.02° and rake -137.92° fits perfectly for the earlier geological 495 

studies for this region with transtensional and steep dip angle (~80) (Gupta and Kumar, 1975), 496 

hence we suggest this fault to be most susceptible to failure in the KCR zone. 497 

 498 

6. Conclusions 499 

This study summarizes that the western IECZ is characterized by a heterogeneous stress 500 

regime. This heterogeneity exists owing to the variability in India-Eurasia convergence, local 501 

and regional structures, and multiple tectonic forces. The results show that  the Himalayan 502 

seismic belt has a compressional stress regime with dominant σ1, while the Karakoram and 503 

Tibet regions show strike-slip faulting with dominant σ1, as well σ2. The preferred focal 504 

mechanism for the Himalayas shows that the detachment (MHT) is the most susceptible fault 505 

to be ruptured in the future, while a steep fault is more susceptible to failure for the Karakoram 506 

and Tibet areas.  Zone-wise analysis of focal mechanism solutions provide new insights, viz., 507 

(i) Arc-normal compression in Garhwal-Kumaun-Shimla hills region and arc-oblique 508 

compression in Kangra-Chamba-Kishtwar-Zanskar region consistent with the GPS velocity 509 

vectors and regional geology and tectonics, (ii) Himalayan-type stress field for the aftershocks 510 

of Kashmir earthquake (2005) and Hazara Syntaxis, (iii) pure extension at Nanga Parbat 511 

Syntaxis, (iv) transpressional fault motion for the Karakoram fault and (v) transtensional stress 512 

regime for the transverse Kaurik Chango rift, with N-S trending σ1 and steep dip angle. The 513 

new results presented in this study will be useful for the advanced simulation of geodynamic 514 

stress field, understanding seismogensis and assessing seismic hazard in the region. 515 
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Figure captions 782 

Figure 1. Structure, tectonics and earthquakes of the Himalaya. The filled stars are 783 

epicenters of historical earthquakes with magnitudes ≥ 7.6. The study area, i.e., western India-784 

Eurasia collision zone is marked by a rectangle with solid lines. Figure modified from Prasath 785 

et al. (2019). FM solutions are taken from GCMT catalogue and published records (Coudurier-786 

Curveur et al., 2020; Singh and Gupta, 1980). 787 

Figure 2. The western India-Eurasia Collision Zone, its structure, tectonics and seismicity. 788 

(a) Study area including major geological structures and tectonic elements (Thakur, 1992; 789 

Thakur & Jayamgondaperumal, 2005; Wallis & Searle, 2019). Acronyms: AK-Almora Klippen, 790 

BBF-Balakot Bagh Fault, HFT-Himalayan Frontal Thrust, HHC-Higher Himalayan 791 

Crystallines, HS-Hazara Syntaxis, IGP-Indo Gangetic Plains, ITS-Indus Tsangpo Suture, JF- 792 

Jhelum Fault, KB-Kashmir Basin, KCR-Kaurik Chango Rift, KF-Karakoram Fault, KLRW-793 

Kullu-Larji-Rampur Window, KW-Kishtwar Window, KXF-Karakax Fault, LGF-Longmu 794 

Gozha Fault, LH-Lesser Himalaya, MBT-Main Boundary Thrust, MCT-Main Central Thrust, 795 

MKT-Main Karakoram Thrust, MMT-Main Mantle Thrust, NPS-Nanga Parbat Syntaxis, SH-796 

Sub Himalaya, SRT-Salt Range Thrust, STD-Southern Tibetan Detachment, TH-Tethyan 797 

Himalaya, TP-Tibetan Plateau. Landmark locations: CA-Chamba, DD-Dehradun, IS-798 

Islamabad, JU-Jammu, KA-Kangra, KL-Kargil, LE-Leh, MB-Muzaffarabad, NI-Ngari, SA-799 

Shimla, SI-Spiti and SN-Srinagar. 800 

Figure 3. Earthquakes used in the present study. Epicenters of FM solutions used in the 801 

present study with the background seismicity retrieved from the International Seismological 802 

Center (ISC). The seismotectonic zones are marked with dotted lines, viz., (1) Garhwal-803 

Kumaun Himalaya (GKH), (2) Shimla Hills (SH), (3) Kangra-Chamba zone (KCZ), (4) 804 
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Kishtwar-Zanskar (KZ), (5) Hazara Syntaxial zone (HSZ), (6) Nanga Parbat Syntaxis (NPS), 805 

(7) Northwest Karakoram Fault (KF-N), (8) Southeast Karakoram Fault (KF-S) and (9) Kaurik 806 

Chango Rift (KCR). Acronyms are similar to those given in Fig. 2. 807 

Figure 4. Earthquake Focal Mechanism solutions used in the present study. The figure 808 

shows the Earthquake FM solutions. Acronyms are similar to those given in Fig. 2 and Fig. 3. 809 

Figure 5. Mohr-Coulomb failure criterion and Instability analysis. (a) All possible 810 

orientations of fault planes that satisfy the Mohr–Coulomb failure criterion has been shown in 811 

darken area in orange color. The optimally oriented principal fault planes with respect to stress 812 

are shown in blue square dots, while the C refers to the cohesion. Upper and lower half of the 813 

planes correspond to conjugate faults. (b) The tractions on the principal fault characterized by 814 

instability I = 1 is marked by red filled polygon. The tractions of an arbitrarily oriented fault 815 

with instability I is shown in black dot. 816 

Figure 6. Stress ratio, stress magnitude and stress regimes. Relationship between stress 817 

ratio, stress magnitude and stress regime for the Inversion IDs 1-17, representing the different 818 

seismotectonic zones (see Fig. 2). 819 

Figure 7. Stress inversion plots of the present study. (a) Principal stress and P/T axes, (b) 820 

Confidence of the stress axes, (c) Mohr circle diagram and (d) Shape ratio ‘R’.  821 

Figure 8. Principal stress axes from the stress inversions plotted with the respective zones . 822 

Stress fields for 2005 Kashmir earthquake and its aftershocks, Hindukush and Pamir are taken 823 

from Gahalaut and Rao (2009). Structure and tectonic features are similar to Fig. 2.  824 
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Figure 9.  Salient conclusion of the work. Schematic diagram showing the major results such 825 

as sense of fault motion, stress regime and principal stress direction in the western India-Eurasia 826 

collision zone. 827 

Table(s)  828 

Table 1. Results of stress inversions using earthquake focal mechanisms in the western IECZ.  829 

Az-Azimuth, Pl-Plunge, S1/S2-Strike 1 and 2, D1/D2-Dip 1 and 2, R1/R2-Rake 1 and 2, R-Shape ratio and µ-830 

Friction Coefficient. *5-8, 11 and 12 are used for discussion.**Errors are common for both Azimuth and Plunge 831 

values 832 

Supplementary Table 1: List of FM solutions with multiple sources.  833 

* At appropriate place: the reason for choosing the final solution has been mentioned.   834 

Supplementary Table 2: Sources used in the present study for preliminary data 835 

Supplementary Table 3: All data preliminary locations 836 

Supplementary Table 4: FM solutions used in this study 837 
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Table 1a 

Inversion 

ID (Inv. 

ID)* 

Area 

FM 

solutions 

used  

Sigma 1 (Degrees) Sigma 2 (Degrees) Sigma 3 (Degrees) 

 

Az Pl Err** Az Pl Err Az Pl Err  

1 Whole dataset (declustered) 324 213.67 14.47 01.7 122.8 3.4 06.5 19.88 75.12 06.5  

2 Himalayan Seismic Belt 259 220.84 13.94 01.7 129.73 4.47 03.0 22.34 75.33 03.1  

3 Karakorum-Tibet 56 25.99 4.2 88.9 171.51 84.91 88.9 295.78 2.87 03.3  

4 HFT & IGP regions 9 202.18 19.93 25.8 78.6 56.75 69.8 302.1 25.44 71.1  

5 Garhwal-Kumaun Himalaya 145 213.89 8.85 02.5 123.74 0.99 4.68 27.38 81.10 4.35  

6 Shimla Hills 12 210.6 20.34 06.0 57.26 67.47 24.0 304.07 9.28 23.3  

7 Kangra-Chamba 47 233.21 18.01 09.5 135.11 23.43 34.7 357.1 59.75 34.6  

8 Kishtwar-Zanskar 24 220.3 18.39 08.0 128.97 3.99 17.9 27.17 71.15 17.9  

9 Hazara Syntaxial zone 37 212.85 14 11.8 120.62 8.86 11.2 359.24 73.34 07.7  

10 Nanga Parbat Syntaxial zone 9 352.87 83.69 16.5 237.12 2.75 16.9 146.85 5.67 11.8  

11 Karkorum Fault (north) 13 204.15 41.42 37.6 72.41 37.04 56.9 320.28 26.52 46.3  

12 Karakorum Fault (south) 10 28.21 4.66 14.9 125.33 56.66 21.9 295.18 32.93 21.8  

13 Kauric Chango Rift 20 5.71 38.24 70.9 154.88 47.46 70.9 262.83 15.8 18.3  

14 
Aftershocks of 2005 Kashmir 

EQ 
37 216.38 13.2 04.7 124.9 6.29 10.4 9.96 75.35 09.9  

15 Inv. IDs 5+6 157 213.32 10.75 02.1 122.85 2.52 04.9 19.8 78.96 04.9  

16 Zone IDs 7+8 71 226.06 21.01 04.6 132.15 10.03 12.0 18.19 66.45 11.9  

17 Zone IDs 11+12 23 199.5 15.29 04.7 55.93 71.24 08.8 292.44 10.62 07.7  

 

 



Table 1b 

Inversion 

ID (Inv. 

ID)* 

Principle mechanisms 

R Pie Error 
Friction 

Coefficient 

Sense of 

motion 
Upper Hemisphere Lower Hemisphere 

S1 D1 R1 S2 D2 R2 

1 118.32 37.27 84.39 325.27 8.83 112.72 0.88 0.12 0.03 0.99 Transpression 

2 124.10 38.37 82.78 333.20 11.11 113.87 0.76 0.24 0.02 0.89 

Pure 

Compression 

to 

Transpression 

3 351.79 89.97 174.92 59.91 85.23 -1.87 0.07 0.93 0.27 0.40 Transtension 

4 56.51 76.15 30.53 3.76 57.68 -171.76 0.48 0.52 0.49 0.80 

NA 

5 122.26 33.85 88.22 307.17 16.17 93.57 0.73 0.27 0.03 0.84 

6 55.88 89.43 22.52 11.27 73.39 -164.57 0.82 0.18 0.12 0.94 

7 111.42 47.18 57.16 38.01 23.59 173.56 0.70 0.30 0.13 1.00 

8 124.89 44.42 84.29 337.12 8.41 118.42 0.90 0.10 0.18 0.79 

9 112.80 48.88 78.20 323.64 21.74 114.57 0.39 0.61 0.09 0.40 

Radial to 

Pure 

compression 

10 58.51 63.30 -86.92 234.97 51.96 -93.49 0.56 0.44 0.25 0.47 
Pure 

Extension 

11 65.59 81.06 52.43 29.77 48.10 -144.04 0.77 0.23 0.61 0.98 
NA 

12 359.60 61.89 161.28 51.94 57.77 9.04 0.81 0.19 0.08 1.00 



13 147.21 83.02 -137.92 24.40 55.08 -26.03 0.14 0.86 0.15 0.40 Transtension 

14 119.14 47.67 81.48 320.95 21.73 107.21 0.66 0.34 0.07 0.40 
Pure 

Compression 

15 119.13 34.23 85.51 313.96 12.87 101.39 0.80 0.20 0.03 0.94 

Pure 

Compression 

to 

Transpression 

16 121.89 44.82 75.69 35.93 10.10 173.88 0.87 0.13 0.04 1.00 

Pure 

Compression 

to 

Transpression 

17 44.12 86.03 18.35 359.92 74.27 -169.64 0.79 0.21 0.09 1.00 

Pure 

Compression 

to 

Transpression 

 


