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Abstract

Pakistan is a country that holds a key position in South Asia due to its regional topography. Gilgit experiences frequent
earthquakes due to its tectonic position between the Indian and Asian continental plates. Two major seismic zones; Main
Karakoram Thrust (MKT) and Main Mantle Thrust (MMT) have been identified to create great seismic activity in the
surroundings of Gilgit City. It is important to understand the seismicity patterns of earthquakes in Gilgit city based on their
source mechanism. The key objective of the research was to assess the causes of Earthquakes and predict the possibility of
forthcoming earthquakes. The waveform data was utilized and for the first time, deeper crustal structure was determined
successfully. Seismological data was used to evaluate the crustal thickness and structure of the S-wave velocity underneath the
Gilgit area. Primary wave receiver function (PRF) analysis, H-K stacking and inversion techniques were applied for this
purpose. A new crustal model for S-wave velocity with maximum crustal thickness was identified. H-K stacking technique
occurred to the receiver functions representing estimating the width of crust (H) and Poison ratio (K). The reasonable stable
and high horizontal velocity and phase of a teleseismic P-wave were identified. The GSAC tool and the Computer Programmed
in Seismology CPS.330 were used to obtain seismograms of earthquake events in the past two years. Also, the SALENA risk
tool was utilized for the estimation of loss and damage considering the worst-case scenario for the Earthquake (Mw 7.0) along
the MMT zone of Gilgit City.
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1.Introduction

Pakistan is a country that holds a key position in South Asia due to its regional topography including mountains in the North,
South and west, with plains in central Punjab, Sindh and coastline in the Arabian Sea in the South (Rehman and Burton, 2020).
The country has a dense seismic environment and holds a 44® position out of 50 countries with global seismic hazards
(Tsapanos and Burton, 1991). The high density of active faults in north Pakistan makes it seismically the most important
active zone in the area (Khalid et al., 2016). Northern Pakistan is categorised into four main divisions: Karakoram, Hindukush,
Turan, and Kohistan ( Qureshi et al., 2021). Gilgit is the capital city of Gilgit-Baltistan (GB) province in the Himalayan region
between 35-37°N latitudes and 73—75°E longitudes. The tectonic setting of this region is because of the tectonic accretion of
the Indian continental plate with the Asian continental plate in the Eocene (Searle and Treloar, 2019).

Gilgit experiences frequent earthquakes due to its tectonic position between the Indian and Asian continental plates (Qureshi
et al,, 2021). Two major seismic zones i.e. Main Karakoram Thrust (MKT) and Main Mantle Thrust (MMT) have been
identified to create great seismic activity in the surroundings of Gilgit city that can impact not only Gilgit but other regions of
Northern Pakistan (Waseem et al., 2018). According to Pakistan's Building Regulations (MoHW, 2007) and probabilistic
seismic hazard assessment for northern Pakistan, Gilgit City lies in Seismic zone II with the maximum possible ground motion
range between 0.25-0.4g that correspond to intensity level VI-VII on the MMI scale (Rahman et al., 2021; Waseem et al., 2018).
The seismotectonic map around Gilgit indicates shallow earthquakes are frequent in and around the Himalayan seismic zone
while intermediate-depth earthquakes are mostly generated from the Hindukush Region (Figure S1, supplementary material).

Due to economic constraints, and pootly constructed buildings, the city experiences a significant amount of damage. Recently
occurred earthquakes along the MMT-Raikot fault i.e. Astore 2002 (Mw 6.3), 2019 (Mw 5.6), 2021 (Mw 5.3) and MKT fault
earthquake 2012 (Mw 5.6), have resulted in a strong shaking effect and damages near Astore and Gilgit city. Any strong
earthquake in future could affect Gilgit city with serious risks to infrastructure and life. Unfortunately, no significant studies
were performed based on seismic risk assessment using the latest risk computational tools, although the town has faced many
strong earthquakes in history due to its presence close to the active seismic zones (Ahmed et al., 2021). These facts highlight
the importance of efficient seismic monitoring for such an active seismic zone along with considerable efforts for revised
seismic hazard evaluation and effective risk measurement to mitigate the level of risk with appropriate solutions.

The major aim of the research was to understand seismicity patterns among source mechanisms of earthquakes that occurred
in and around Gilgit City. One of the major objectives is to find out the seismic activity of Gilgit City and adjacent areas using
the waveform data of the PAKISTAN SEISMIC CENTER seismic network, for achieving consideration of the causes of
earthquakes and assessing the possibility of forthcoming damaging earthquakes and optimizing the information in terms of
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detail seismicity pattern. Due to the unavailability of a dense seismic monitoring system to our knowledge, no study has been
reported for determining the deeper crustal structure. This study is a novel approach for determining the crustal thickness
through broadband seismic waveform data from broadband seismic stations installed in Gilgit City.

2. Materials and Methods

a. Major Seismological Analysis Techniques and Seismic Risk Assessment

Seismological analyses were carried out under this study involving receiver function analysis, local earthquake analysis for
hypocenter location and moment tensor inversion for source mechanism estimate for the Gilgit area.

b. Crustal Structure and Local Earthquake Analysis

The crustal structure is estimated for the study area using seismic waveform data of the local broadband seismic station installed
at Gilgit. The phase arrival data from the seismic network is analysed with various techniques to locate hypocentres and
determine the intensity of earthquakes. The duration of local and regional records may range from seconds to a few minutes.
The frequency of these events is high in the order of frequency > 1 Hz and they are recorded well both on short-period and
broad-band instruments. Normally a sampling rate of 100 Hz is applied for local stations for such events (Qadri et al., 2023).
It is possible to determine earthquake hypocentre locations, magnitude estimate, focal mechanisms, upper portion of mantle
and crust structure using seismic waveform records from a single station or local seismic network by picking P and S-waves
recording times correctly and other later phases for determining amplitudes from the observed seismic waveform records
(Ahmed et al., 2023).

c. Seismic Waves of Local Earthquakes

In the local seismic network of the PAKISTAN SEISMIC CENTER including both short-period and broadband seismic
stations, it is observed average seismic station spacing local seismic network may range from 50 km to 300 km (Zahoor et al.,
2023).

”Capacity Spectrum Methods (CSM)” or analytical methods which provide a volume curve (Wilson et al., 2008). The technique
is based on the steps including i) Transformation of capacity curve into SA—SD domain ii) Assigning damage state thresholds
and standard deviations iii) Construction of fragility functions for each damage state ds iv) Overlaying capacity curve with
demand spectrum v) Identification of Performance point by iterative procedure vi) Assigning of discrete damage probabilities
by the multiplication of available numbers of buildings with discrete damage probabilities in a certain area i.e. geo unit, for
which the absolute damage extent is estimated.

d. Seismic Risk Assessment Tools

The SELENA Risk Assessment tool was used as a seismic risk assessment tool (Molina et al. 2010). SELENA. HAZUS-MH
not only provides the core procedure but is also considered an independent risk assessment tool that uses capacity-spectrum
methodology with flexibility in basic datasets and input parameters. It also has a GUI interface of MATLAB code and it can
be adapted into any specific study which is further integrated within a logic-tree computation system. It has a capacity that
takes epistemic uncertainties in input parameters and models (Poudel et al., 2023).

e. Statistical Analysis

In this study, various seismological and mapping tools are used including:

1. GSAC and SAC software for Seismic waveform Data Processing

2. Computer Programs in Seismology PROGRAM. 330 developed by R.B. Herman (Latest tools modified 2022 for Ubuntu
20.04 for Receiver Function Computation)

SEISAN 11.0 for Hypocenter Location

Taup-Toolkit for theoretical travel time estimate travel.

Geopsy for H/V computation

Google Earth and ArcGIS 10.6 map programs are used to make polygons for geo units and demarcation of the study area.
MATLAB Tools is used to compute damage results, and human and economic loss in this study.

Generic Mapping Tool (GMT 6.4) is utilized for charting SELENA output results, seismicity catalogue and source
mechanisms.

PN R

3. Results and Discussion

a. Crustal Structure Determination near Gilgit

Teleseismic P-wave receiver function analysis for crustal arrangement determination underneath the broadband seismic
position GLGT (Gilgit) located in Higher Himalayas (North Pakistan) has been carried out. The research area is Gilgit city in
the Higher Himalayas, which is dominated by complex tectonic features with active thrusting and deformation processes.
Present research, time-domain receiver function analysis is used in a stage-wise approach; from authentic three-component
waveform data to determine crustal structure and velocity of secondary wave estimate for GLGT seismic stations. Fig. 1 shows
a simple ray path for the incident primary wave, PS converted and different reverberation from the interface. The horizontal
velocity and phase of a teleseismic subsurface wave (P-wave), which reaches the seismic location, is reasonably stable and high
(1525 km/ss). This velocity and phase value suppotts a planer wave and makes it easier to analyze the ensuing movement of
the ground. (Melouk et al., 2023).
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Fig.1. A straightforward ray diagram illustrating the phase of the Moho reflecting primary to secondary wave conversion,
which comprises the receiver function for just one layer spanning a half-space underneath the seismic record station.

Seismic Data Processing for Receiver Function Analysis

The criteria for the choice of earthquakes applied in the receiver function analysis are based on Strong magnitude earthquakes
i.e. Mw > 6.0 was selected as having good signal strength, with well clear P-wave onset. Selection of teleseismic earthquake
data from the USGS earthquake catalogue considering the reliability of their global hypocenter locations and magnitude
estimates. Teleseismic events with an epicentral range of 30° - 90° are selected, as the seismic waves travelling in this distance
range when reaching the seismic station, these waves propagate over the crust and mantle, developing in Moho reflected P to
S transformations (Nemocon et al., 2021). Such signals are used further in the receiver function method. Therefore, teleseismic
waves for P-waves invented from earthquakes at an outward gap farther than 30° carry information about the earth's structure
(Li and Mashele, 2009).

Identification of Earthquake with Good Signal-to-Noise Ratio (SNR)

Fig. 2 presents the occurrence of 58 seismic events from 2019 to 2022 that occurred at the GLGT seismic station for the RF
(Receiver Function) study. The SAC tool was used to execute a quick and dirty visual filtering procedure to find and eliminate
unwanted events. The seismograms for the incidents (58 occurrences from 2019-2022) were extracted and displayed using the
GSAC tool and the Computer Programmed in Seismology CPS.330.

270°

180°
Fig.2. Showing the location of GLGT station and global division of teleseismic results applied for receiver function

calculation.

Occasions with magnitudes of moments greater than Mw > 6.0 that occur at epicentral intervals between 30° and 90° from
GLGT place were chosen for this process. The amount of distortion and the clarity of the straight P-wave appearance on the
seismograms is a useful method to gauge the events' intensity (Melouk et al., 2023). Studies prove that many events in this
region come from the West, primarily from Greece and Turkey, either produced a lot of noise or made it impossible to
distinguish wave arrivals (Goldstein et al., 2003).
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Rotation of Horizontal Channels

Fig. 3 shows the Horizontal channels HHE and HHN for the above Taiwan earthquake recorded at GLGT stations rotated
into HHR (radial) and HHT (tangential) components. The original waveform was converted from ZNE to ZRT format. The
transverse component is perpendicular to the radial component, which emanates from the event and points in the direction
of the station. When it comes to waveform isolation, one method considers that body waves (P-waves) have a near-vertical
incidence and are contained in the vertical component of the waveform whereas the resulting S-waves are included in the radial
component. The incident waves caused by to change in incidence angles may result in some signal leakage between the
components (Buchan et al., 2023). This assumption is standard to the initial sequence and has been used in teleseismic receiver
function research (Li and Mashele, 2009).
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Fig.3. Horizontal channels HHE and HHN for the above Taiwan earthquake recorded at GLGT rotated into HHR (radial)
and HHT (tangential) components.

The coordinate system LQT was used to isolate the waveform energies, and an all-three-element system spun in the form of
ZRT components in the polarization orientation of the resulting primary wave (Torsvik, 2015). This coordinate system is used
to isolate the receiver response that needs the ZRT system. To orient the element along the angle provided by the station to
the event back azimuth (plus or minus 180 degrees), linear data was rotated during this operation. The two horizontal elements
rotated into the radial (R) and tangential (T) components when rotation is applied, leaving the vertical component (Z)
unchanged (Wessel et al., 2013).

Receiver Function for GLGT

Since the Earth's structure is not uniform, every seismic activity has a unique pattern as it moves from the epicentre to the
reception location. To demonstrate such distinctiveness, receiver function approximations for a couple of stations wete
obtained from the GLGT stations and were contrasted in Fig. 4. They are sorted into both back-azimuth (BAZ) and Ray-
parameter p (s/km). There are a few variations in the receiver functions, but overall, they are faitly comparable. Therefore, the
non-uniformity in the Earth structure, allows every seismic activity to own a unique pattern as it moves from the epicenter to
the reception location. As a result, every receiver function prediction produced by deconvolution will give different results
(Wang et al., 2010).
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Fig.4. Output of the RF-stacking shown for Radial receiver functions, stacked corresponding back azimuth, BAZ (left) and
ray-patametet, p (s/km) at alpha 1.0 Hz for GLGT station.

Fig. 5 (a) presents plots of R-F Stacking for the Radial receiver function estimated beneath GLGT stations at Gaussian filter
Alpha 1.0 Hz. The Moho’s transformed phase P to S, also shown by the thin line (cyan coloured) stacked according to the
BAZ range has been mentioned. The bull's eye plot was received (Fig. 5b) using the Matlab tools described by Zandt and
Ammon (1995). The plot is called a move-out plot is a stack of all of the receiver functions from the station migrated to depth

using a fixed Vp of 6.4 km/s and the Vp/Vs ratio calculated using the HK stack.
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Fig.5. (a) Results of the RF-stacking shown for Radial receiver functions for GLGT station at alpha 1.0 Hz. Moho

converted the PS phase shown by a thin line (cyan-coloured line) stacked according to BAZ. (b) Radial receiver function
phasing diagram for GLGT stations with receiver functions binned using slowness and plotted as a function of slowness.
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The plot helps determine if an arrival is a primary or a multiple. Primary arrivals (the black line) have a positive slope while
multiples have a negative slope (blue and red). The location of the lines is based on the results of the HK Bulls’ eye.

Every receiver function is categorized into bins created on slow nesses and graphed as a function of slowness. Duskier shading
is cast off to denote positive amplitudes, while lighter shading shows negative amplitudes. By viewing the changes in arrival
time for numerous phases as slowness increases, the occurrence of Moho and other discontinuities can be readily detected.
The theoretical arrival times are calculated using a one-dimensional model. Ray parameter versus time after P wave. The entire
Pds ray set is binned by ray parameter and mean traces are formed for each bin. Plotting all these summary traces together
forms the above image. Black and white shading represents £ 0.05% amplitude of the radial P wave. The move-out curves for
the indicated discontinuity depths have been plotted. Moho and other discontinuity-reflected phases are clearly shown in the
plot. The 2p1s Moho reverberation arrives at 7-9 seconds, and the energy between this time series is the combination of energy
reverberated from lithosphere discontinuities with direct Pds.

Moho Thickness and Vp/Vs

The H-k stacking method, developed by Zhu and Kanamori in 2000, has been utilized to determine the crustal thickness (H)
and Vp/Vs ratio (k) for the GLGT stations. A simplified model for H-k and VpVs based on the above technique is denoted
in Fig. 6. The determinations of crustal thickness, average primary velocity, and Poisson's ratio derived from seismic waves
serve as valuable constraints for understanding the overall composition and evolutionary models of the Earth's crust (Melouk
et al,, 2023). The transformed phase angle Ps and Moho multiples (2p1s, 2P2s, etc.), specific in teleseismic receiver functions,
have been employed to ascertain the crustal thickness (H), Vp/Vs ratio (k), and Poisson's ratio (s).

This technique involves employing a stacking algorithm that utilizes both the directly arriving P-to-S conversion (PS) and the
subsequent multiples resulting from crustal reverberations (multiples) such as PpPs and PpPs+PpSs. The primary objective of
this method was to estimate the crustal thickness (H) and the average Vp/Vs ratio (x) by analyzing the receiver function time
seties (Zhu and Kanamori, 2000). The Vp/Vs ratio is closely connected to the Poisson ratio (), which is known to offer
improved insights into crustal composition when analyzing P- or S-wave data in isolation (Kraft et al., 2019; Wang et al., 2016;
Wen et al., 2019). The technique utilizes the time delays of Ps, PpPs, and PpSs+PsSs to convert the receiver function from
the ime domain into the H-k stacking domain. The most accurate estimation of crustal thickness and Vp/Vs ratio is achieved
when the three phases undergo stacking and exhibit the highest level of coherence (Wen et al., 2019; Zhang and Huang, 2019).
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Fig.6. Simplified RF Moho PS conversion and Hk-Stacking pattern shown in the plot.

Depth (km)

However, the H-k stacking approach is quite helpful even for a single-layered average crustal model. However, the Moho
depth and velocity contrast appear when the mean crustal primary wave rate is altered (Ammon et al., 1990). The receiver
function obtained in this study provides two important parameters that describe the structure of the crust. The mean crustal
Vp/Vs propottion, which is only connected to the elasticity nature of the ctrust, and the Moho depth setve as indicators of the
thickness of the crust. Poisson’s ratio is expressed by:
2
)~

o= oW
2|(7%) 1]
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In the above equation o Poisson’s ratio was determined using the above equation (1) for GLGT stations. The influence of
lateral variations is mitigated by stacking computed receiver functions acquired from diverse ray parameters and back azimuths.
In the H-k stacking method, a mean crustal P-wave velocity of 6.4 km/s was assumed, and weighting parameters of 0.7 were
assigned to Ps arrivals and 0.2 to PsPs multiples. In a typical receiver function study, the range of slowness employed does not
seem extensive enough to eliminate the ambiguity between depth and velocity. Therefore, the incorporation of a priori
information becomes essential (Torsvik, 2015).

Fig.7. represent the results for the GLGT Receiver function calculated by deconvolving vertical RF from radial components
of ground motion. The waveform data was examined to process receiver functions and remove those with noisy or low SNR
(signal-to-noise ratio).
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Fig.7. The vertical component of ground motion was separated from the radial components to yield receiver functions.

Waveform data was carefully examined before processing the receiver functions, and any receiver functions with a low signal-
to-noise ratio or considerable noise was disregarded. Thus, about 58 radial receiver functions were left behind for more study.
To begin with, the S-wave velocity was calculated using the one-dimensional tectonic velocity model offered by crust 2.0 and
a Vp/Vs ratio of 1.74.

The single station H-k stacking approach, which offered useful constraints, was used to establish the crustal thickness and bulk
crustal Vp/Vs ratio in the northetn region of Pakistan. The crustal thicknesses and Vp/Vs ratios of 56-63.5 km and 1.74-1.84
were found, respectively. According to the initial findings, there may be a Moho below the stations. Previous gravity studies
found a 32-35-kilometre solid crust in our research area (Aslam et al., 2021; Khurram et al., 2021). The metamorphic crust
corresponds with Poisson's ratios of 0.26 to 0.29. The 1-D velocity arrangement estimated underneath a broad-band station is
represented in Table S1 (supplementary material).

The Fig.8 (a) displays the earth model once more, along with the corresponding receiver functions. S-wave velocity structure
estimated beneath GLGT station and AK135 reference model was used with an indication of Moho at GLGT. Inversion of
P wave radial RF results indicate a shear wave velocity of 3.62 km/s in the crust of Gilgit station located in the Higher
Himalayas thrusting region to 4.5km/s underneath the Moho limit.
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Fig.8. (a) Inversion of Receiver Functions for Gaussian Filter parameters at 0.5 Hz, 1.0 Hz and 2.5 Hz (b) Resulting in one-
dimensional S-wave velocity for GLGT stations.

The Moho depth achieved underneath the GLGT station is around 63.5 km in northern Pakistan with a typical Vp/Vs ratio
ranging from 1.74. The occurrence of a sedimentary rock layer at a depth of around 15 km, which results in a 2-second lag in
the earthquake signal, is mostly to blame for the presence of the complicated character of the crust as shown by the Moho-
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converted PS phase, beneath the station GLGT. Radial receiver functions show a clear strong signal between 7 to 9 seconds,
which is interpreted as a conversion from the Moho boundary.

Using the AK1 and IASP91 velocity models, the receiver functions (RFs) were back-projected and stacked across the
appropriate ray paths. To further study the peculiarities of the crust, the SRTM topography was plotted. Within the research
area, differences in both the lower and upper crust's structure were seen beneath the surface. At a depth of 56—64 km, a visible
Moho discontinuity was photographed below the GLGT stations. The Moho conversion in Pakistan's northern region showed
a low amplitude, with a greater amplitude transformation taking place at depths of 50—60 km (Eulenfeld, 2020). The existence
of anisotropy crust and the impact of descending layers, that show fluctuations from south to north, are indicated by
considerable transverse energy with huge amplitudes. Under the middle crustal block, these impacts are extremely strong.

A significant spike in a duration of 7-9 seconds, notably at the GLGT station, is also seen, as well as a crustal conversion that
happens about 2-3 seconds after the P-arrival. For the station shown in Fig.8. (b). It has been noted that a model with greater
complexity beyond a single-velocity crust is needed to comprehend the phenomena. The findings demonstrate that the S-wave
velocity underneath northern Pakistan rises between 3.6 km/s to 3.8 km/s.
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Fig. 9 (a) Inversion Results for GLGT station to obtain earth model using receiver functions inversion. P-wave first arrival

times for the true model, solid blue line, and inverted models red. (b) Joint surface wave dispersion analysis for GLGT
station using receiver functions.

Employing the same dataset as the HK stacking process is shown in Fig. 9 (a), the inversion approach is then used for the
receiver functions to determine the S-wave velocity structure. The Modified AK135 model, which is used as the starting model
for the inversion, differs from the given model by substituting values obtained at a depth of 50 km. The ones in the upper 50
km, resulted in a constant velocity model up to that depth. Through the use of this strategy, it was ensured that the data closely
matched the model, preventing any potential abrupt velocity discontinuities. Although there is a propensity to exaggerate the
velocity model in the initial phases of the inversion, no artificial low-velocity area has been purposefully added. In the inversion
process, the model is weighted to prioritize the fixation of the deeper structure while allowing significant variations in the
upper 50 km. The region between 50 and 100 km receives intermediate weighting. All models exhibit a good fit with their
respective data sets, emphasizing the fact that inversions are not unique in our study.

Fig. 9(b) shows joint surface wave dispersion analysis for the GLGT station using receiver functions. The initial and final earth
models and dispersion points plotted are in the inversion test. This procedure requires the removal of linear trends from the
information, followed by the removal of complex frequency response employing the pole-zero description. A bandpass filter
was then employed to the signal, applying frequency limits such as 0.01, 0.02, 0.2, and 0.4 for example, to block extreme
intensification of low-frequency and high-frequency noise. It is vital to note the indicated frequency range, between 0.02 and
0.20 Hz, within which the dispersion points can be reliably interpreted.

Source Mechanism of Gilgit Area Earthquake using Yuji Yagi Codes

Yuji Yagi codes (2004) were used to obtain source mechanisms of small to moderate size (Mw 3.5 — 5.3) earthquakes that
occurred near Gilgit city using local seismic waveform information documented by the PAKISTAN SEISMIC CENTER
seismic network. A magnitude > 3.5 earthquakes are more frequently experienced in Gilgit city. Mainly earthquakes arose in
the vicinity of the southwest direction along the MMT fault. Many small earthquake moment tensors are evaluated using
GLGT station waveform data. This approach further quantifies their characteristics based on moment tensor inversion results
(D'Amico et al., 2011).

The plot labels (Fig.10a-c), on the top left show results of moment tensor evaluation, top match depth, the focuses of the dual
nodal level surface, variance and moment magnitude Mw. The Top left beach ball shows twin pair focal procedure; Fault plane
solutions from moment tensor analysis of Gilgit area earthquakes Mo [Nm)], depth z [km], and the orientation of the two nodal
planes.
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The determination of moment magnitudes, focal depths, and procedures for earthquakes with magnitudes Mw 4.0 yields
satisfactory outcomes. This method is utilized to estimate source parameters using a single seismic station. While the source
processes are influenced by the crustal structure, the general faulting pattern (normal, thrust, or strike-slip) remains relatively
consistent for the well-constrained solutions presented in Fig.10 (d).
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Fig. 10. (a) Moment tensor inversion of Astore earthquake Mw 5.3 occurred on 27% December 2021. (b) Moment tensor
inversion of Astore earthquake Mw 5.2 occurred on 16th March 2022. (c) Moment tensor inversion of Astore earthquake
Mw 4.0 occurred on 315 December 2019 about 44 km southeast from GLGT station. (d) Moment tensor inversion of
Astore earthquake Mw 4.2 occurred on February 5th, 2019 along MMT about 74 km NNW of Gilgit city.

The misfit analysis reveals that the plane dipping to the east is strongly constrained by a dilation on the incorrect side of the
nodal plane. On the other hand, the orthogonality criterion provides reasonably good constraints for the other nodal plane.
However, the aftershock distribution suggests that the fault plane corresponds to the east-dipping plane, with a depth range
of 38 km and a lateral range of approximately 8 km. The strike of this plane is nearly matching to the western boundary of the
MMT. The determination of the over-thrust solution is based on the analysis of body wave amplitudes. In some cases, the
fault-plane solution for these earthquakes recorded by the PAKISTAN SEISMIC CENTER seismic network was obtained
using the first motion of P-waves. Focal mechanisms for earthquakes in Gilgit were determined by analyzing the first motion
of P-waves, utilizing a simple crustal velocity model. The focal mechanism of this earthquake verified in current research is
reliable with the tectonic setting of the area. The results correspond with the Seismotectonic pattern and inquiry of earthquake
focal procedures with the dispersal of seismicity near the Gilgit area, an area between MKT and MMT in North Pakistan
(Sunilkumar et al., 2023).

Seismicity Evaluation near Gilgit

The crustal thickness changes across northern Pakistan from 50-73 kilometres in the northern areas and varies to 40-450 km
for local and regional events. Most of the earthquakes are near the MMT-Raikot fault area. A new crustal model with a crustal
thickness of 63 km was identified in our study. It has been analyzed that, local and regional earthquakes gave enough P and S-
wave. The tectonic setting near Gilgit and its surroundings is dominated by the presence of MKT, MMT and MBT along active
mountain ranges and the transition to the high deformation zone in the region (Mottram et al., 2014). However, earthquakes
in Gilgit frequently occur of moderate sizes mostly occurring in the northwest part of the Hindukush region and the south
zone. Most of these earthquakes occur in the north and south direction from Gilgit city indicating that both MMT and MKT
faults are associated with deforming and are not stable (Khurram et al., 2022; Rehman et al., 2021).

Results of SELENA Risk Assessment for Gilgit City

Seismic risk assessment for the Gilgit district has been performed using the SELENA seismic risk estimation tool, developed
by NORSAR. The study area was divided into 06 different zones and 110 geo units, based on building inventory, population
distribution, and local site conditions for Vs and Seismotectonic settings. The earthquake catalogue from local and
international sources is examined carefully both for recent and past seismic activities near Gilgit. The seismic source
mechanisms were obtained from the Global CMT catalogue for significant earthquakes (Mw>5.5) near Gilgit city along the
MMT fault. Moment magnitude scale (Mw) is considered for all these earthquakes. New shake maps based on different ground
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motion attenuation relations were constructed to assess the maximum possible peak ground acceleration (PGA) in Gilgit city.
Earthquake of MW 7.0 along MMT, shows that ground motion produced is comparable with damage assessment obtained
from seismic risk assessment results.
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Fig. 11. (a) Geographical distribution of the PGA in m/s? using the SIGMA tool and Zao at el. GMPE relation for the
scenario earthquake Mw 7.0 PGA (b) Building damage state for each building typology for scenario earthquake Mw 7.0 (c)
Combined damage estimate for each zone for scenario earthquake Mw 7.0.

Similar results were obtained that estimated maximum PGA in the range 0.30 - 0.40 g for northern Pakistan (Molina et al.,
2010). The present study aims to estimate seismic risk assessment for Gilgit City, based on updated seismic hazard and ground
motion shake maps. These shake maps were calculated using the SIGMA intensity tool and plotted with Generic Mapping
Tools. Different ground motion prediction equations were used suitable for local seismotectonic conditions and seismicity of
the study area with one earthquake taken as worst case scenario with Mw 7.0 while considering Mw 7.6 Kashmir earthquake
in 2005 as a reference (Ali et al., 2009).

Earthquake ground motion information is highly useful in assessing the amount of damage that may have occurred but also
helps in understanding the earthquake size of the historical events and the probable loss of life and the built environment.
Quantification of earthquake ground motion in terms of the Modified Mercalli Intensity scale (MMI) can also help in assigning
various magnitudes to the historic events in any seismogenic area (Table S2 supplementary material). Seismic hazard analysis
is among the most common tools to estimate the expected level of intensity of ground motion which is related to seismic
events, so it is the fundamental input into the decision-making process for earthquake loss mitigation (Ahmed et al., 2012).
These shake maps provide an insight into the question of seismic hazard as well. Therefore, the knowledge of the distribution
of the maximum ground values based on reliable methodologies is still a critical issue for the Pakistan region. These values are
usually attributed to the presence of partial melt in the mantle wedge and correspond to unusually high melt fractions of the
order of 15-20% for a typical mantle composition (Mahéo et al., 2009).

The earthquake along MMT of magnitude Mw 7.0 is considered one of the worst-case scenarios with epicentres located on
the MMT close to the Raikot fault at an epicentral distance range about 70 km south of Gilgit is taken to estimate damage and
loss using the SELENA risk tool (Molina et al., 2015). The ground motion shake maps were generated using the SIGMA tool
and GMT mapping software., The exposure of buildings, selected earthquake scenarios and vulnerability information were
provided as input parameters to the SELENA software (Seismic Loss Estimation using a Logic Tree Approach) and were used
to obtain potential damage, human and economic loss due to Mw 7.0 earthquake was considered. (Hosseinpour et al., 2021).

The earthquake Mw 7.0 generated maximum damage to the infrastructure with human causalities and injuries in Gilgit city.
Ground motion distribution has been estimated based on empirical relation as depicted in Fig. 11 (a). The maximum ground
shaking intensity for this earthquake produced in the range VIII-IX at the MMI scale and PGA (Peak Ground Acceleration)
is estimated at ~0. 51g. The values show damages that will take place to the structures near the epicentral. The damage estimates
shown in Fig. 11 (b) suggest that scenario earthquake with a magnitude of Mw 7.0 occurred at an epicentre approximately 70
km away in the southward direction from Gilgit city along the MMT fault zone posing a very high risk to the Astore most
nearby city area along with Chilas. The Earthquake, the building damage state plot shows all types of buildings suffered damage
in an earthquake. However, poor brick masonry structures, Adobe and low-rise RF concrete structures suffered more showing
RC-L type of buildings may experience higher damage state.

The Fig. 11 (c), presents damaging diverse zones Baseen, Danyor, and Sakhawar, which experienced high level risk in
earthquakes having magnitude 7.0. According to Mottram et al., (2014), an earthquake in Gilgit city with a magnitude of Mw
7.0 along the MMT fault zone may pose a very high risk to infrastructure and humans. The building's results estimated as
located in the southern patt of Gilgit, particulatrly Gilgit's Southern region is expected to suffer the highest damage as shown
in Fig.11 (b). This can be attributed to the proximity of this area to the epicentre of the earthquake and local soil conditions in
this area, Zone 01, Zone 05 and Zone 06. On the other hand, the central part of Gilgit city is expected to suffer less damage
compared to the Gilgit Southern. This difference can be attributed to the fact that when the focus is on building design and
well-constructed infrastructure.

Conclusions

In Gilgit and the adjacent territories, reducing the risk of earthquakes is a big challenge. Seismological data could be very useful

to perform the seismic assessment and forthcoming measures to avoid damages in the Gilgit city. A new crustal model for S-

wave velocity structure has been generated through waveform inversion. A new crustal model with a crustal thickness of 63

km was successfully identified. The horizontal velocity and phase of a teleseismic subsurface wave (P-wave), which reaches

the seismic location, was reasonably stable and high (15-25 km/s). The S-wave velocity was calculated using the one-
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dimensional tectonic velocity model and a Vp/Vs ratio of 1.74 was determined. Inversion of P wave radial RF results indicate
a shear wave velocity of 3.62 km/s in the ctrust of Gilgit station located in the Higher Himalayas thrusting region to 4.5km/s
underneath the Moho limit. A significant spike in a duration of 7-9 seconds, notably at the GLGT station, was seen with a
crustal conversion that happens about 2-3 seconds after the P-arrival. The findings demonstrate that the S-wave velocity
underneath northern Pakistan rises between 3.6 km/s to 3.8 km/s. The earthquake along MMT of magnitude Mw 7.0 as one
of the worst-case scenarios predicted using the SALENA tool revealed huge damage to infrastructure and causalities in Gilgit
City. Hence, it is concluded that to protect people during earth-shaking events, structures must be built by the region's seismic
zone. Geological, tectonic, and historical earthquake studies can be used to predict future tremors and create exemplary
mitigation plans.
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