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The seismotectonic structure of north Pakistan has been formed by ongoing collision between the
Eurasian and Indian plates. North Pakistan and the adjoining areas experienced many large earthquakes
in the past, which resulted in considerable damages and loss of life. A magnitude-homogenous earthquake catalogue for north Pakistan and its surrounding areas for the instrumental period from 1964 to
2007 is used for analysis. We presented seismicity picture of the Hindukush–Pamir–Karakoram (HPK),
Kohistan Island Arc (KIA) and Hazara–Kashmir–Himalayas (HKH) using various histograms and time
series plots of the dataset. The b-value for each accreted domain is derived separately and investigated
through a process of mutual correlation. Our computed temporal variation of b-value in Hazara region
shows a significant decrease prior to 2005 Kashmir earthquake.

1. Introduction
The youngest E–W trending Himalaya evolved in
response to the collision of the Eurasian and Indian
plates ∼50 million years ago (Faisal et al. 2014).
It stretches over 3000 km from Afghanistan in the
west to Burma in the east and ranges in width from
250 to 350 km from south to north (Kearey and
Vine 1990). The tectonic evolution of Himalaya in
the Indian plate is of particular interest because
of its seismic, structural and tectonic implications.
The Late Cretaceous Kohistan Island arc separates the Indian plate from the Eurasian plate.
It has the northern contact with the Karakoram
along the Main Karakoram Thrust (MKT) and
the southern contact with the Himalaya along the
Main Mantle Thrust (MMT). Apart from Pakistan, the Indian plate has direct contact along the
Indus–Tsangpo suture zone (ITSZ, 30–34.80◦ N,

75.20–94.40◦ E) with the Eurasian plate. Continued underthrusting of the Indian plate beneath
the Eurasian plate along the ITSZ has thickened
the crust up to ∼75 km. South of the MMT, the
Himalayan fold and thrust belt is characterized
by the Khairabad–Panjal (KP), Main Boundary
Thrust (MBT), Jhelum, Salt Range and Kalabagh
faults and Hazara Kashmir and Nanga Parbat–
Haramosh syntaxes (figure 1). The KP and MBT
are tightly folded with counterclockwise shear sense
in the regional scale Hazara Kashmir Syntaxis
(figure 1, Ali et al. 2015). The counterclockwise
rotation of the Indian plate in the Hazara Kashmir Syntaxis is accommodated by the development of the sinistral Jhelum strike slip fault (Ali
et al. 2015). The NNW dextral Kalabagh fault,
which has been the epicenter of several earthquakes
across the region displaces the Salt Range Thrust
(SRT) (Kazmi 1979). The seismotectonic features
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Figure 1. Regional tectonic map of north Pakistan and its adjoining areas showing locations of major faults (modiﬁed after
Kazmi and Jan 1997).

of north Pakistan and adjoining areas have been
based on geological data (e.g., Kazmi 1979; Kazmi
and Jan 1997). For this reason, seismological methods are required to examine the seismicity of the
region.
Documentation of historical and instrumental
earthquake catalogues in and around Pakistan
started from the mid-19th century up to the
end of the 20th century. However, the quality and coverage of earthquake data in and
around Pakistan improved in the early 1960s, after
the establishment of World Wide Seismographic
Stations Network (WWSSN) that comprised of
about 120 stations in 60 countries. The data of
small events before the establishment of WWSSN

contains lack of accuracy, homogeneity and completeness in the dataset and these properties
mainly depend on the sophistication of the instruments and networks used to record the earthquakes
(Burton et al. 2004). The main objective of this
study is to map the spatial and temporal variations
of seismicity (b-value) in and around north Pakistan, using magnitude-homogeneous earthquake
catalogue events after 1964. This study isolates the
earthquake data, based on nearly self-similar tectonics of different regions named as Hindukush–
Pamir–Karakoram (HPK), Kohistan Island Arc
(KIA) and Hazara–Kashmir–Himalayas (HKH) in
north Pakistan. The spatio-temporal variation of
seismicity based on epicentral distribution and
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Figure 2. Distributions of earthquakes and tectonic faults in and around north Pakistan (HPK, KIA and HKH) that are
named in the text. Abbreviations of places and fault names: KPK: Khyber Pakhtunkhwa; JK: Jammu and Kashmir; FATA:
Federally Administrated Tribal Areas; FANA: Federally Administrated Northern Areas; MKT: Main Karakoram Fault;
MMT: Main Mantle Thrust; MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; NP: Nanga Parbat–Haramosh;
HF: Herat Fault.

depth-section plots is separately analyzed for each
region. The b-values are separately derived for the
HPK, KIA, and HKH and the results are through
mutual correlation for the three regions. Furthermore, this study explains the decrease in b-value
prior to 2005 Kashmir earthquake using seismicity
distributed in the HKH.
In this study, we used an alternative method for
the estimation of b-values using advanced software
package widely used among geoscientists called
ZMAP (Wiemer 2001). ZMAP is an open-source
software that has been previously used to estimate
seismic hazards (Wiemer 2001; Spassov et al.
2002; Farrell et al. 2009). ZMAP contains many
advanced seismological functions of earthquake
catalogue analysis, measuring variations in
b-values, time series analysis and declustering.
Damanik et al. (2010) used ZMAP with a magnitude of completeness of around 4.7 for the greater
region of Java island (106–115.5◦ , –0.7 to –11.5◦ )
using earthquake catalogue data from the United
States Geological Survey (USGS) and Engdahl
catalogs.

2. Seismicity and tectonic of north
Pakistan and adjacent areas
The northern Pakistan and the adjacent areas are
characterized by continuous seismic activity and
occurrence of moderate to large earthquakes (i.e.,
Mw 5.0–7.6). Damaging earthquakes in and around
north Pakistan are highlighted in yellow circle with
the year of their occurrence (figure 2). According to
Khan (2003), Khan et al. (2010) and Faisal et al.
(2014), north Pakistan and the adjoining areas are
divided into HPK, KIA and HKH tectonic domains.
This part of Pakistan consists of tectonically active
Pamir, Hindukush, Karakoram and Himalayan
mountain ranges. The HPK, KIA and Indian plates
(HKH) are episodically accreted from north to south
from the Jurassic to Early Miocene. The accretion of
the KIA, which formed as a result of intra-oceanic
subduction in the Tethys during the Cretaceous,
with the HPK along the MKT (Shyok Suture Zone)
in the Later Cretaceous was followed by the Indian
plate collision with the KIA along the MMT (Indus
Suture Zone) in the Late Oligocene and Early

1448

Khaista Rehman et al.

Miocene (Faisal et al. 2014). The collision between
the Indian plate and the KIA resulted into the
formation of the Himalayan mountain belts. The
Late Oligocene and Early Miocene tectonic deformation front along the MMT shifted southward
with the initial of the KP between Miocene and
Pliocene (∼20 Ma, Treloar et al. 1992). The continuous southward migration of the tectonic front
within the Indian plate resulted into the formation
of the Main Boundary Thrust in the Late Tertiary
(∼10 Ma, Treloar et al. 1992). The KP and MBT
are tightly folded by the Hazara Kashmir tectonic
event within the Indian plate (Ali et al. 2015).
The above regional structures, which divide north
Pakistan into three distinct tectonic domains, enabled to look into the seismicity of HPK, KIA and
HKH (figure 2). This tectonic variation in and
around Pakistan is reflected by seismicity (figure 2).
According to the United States Geological Survey
(USGS), two shallow-depth earthquakes (depth =
33 km) of 4 February 1998 (Mw = 6.1) and 30
May 1998 (Mw = 6.6) and two intermediate-depth
earthquakes of 2 February 1998 (Mw = 5.4, depth =
236 km) and 3 March 2002 (Mw = 7.4, depth =
256 km) occurred in the HPK region. The exposed
part of the Hindukush in Afghanistan has been
considered as the main source of earthquakes felt
within Pakistan. On 28 December 1974, an earthquake of Mw=6.2 along the MMT, which was felt
over 300,000 km2 ruined completely the Pattan
and Palas villages (Peiris et al. 2008). During that
earthquake, 1000–1500 people (dead or injured) and
4000–6000 houses were damaged. The October 8,
2005 earthquake of Mw=7.6 in the HKH along the
MBT within the Hazara Kashmir Syntaxis killed
over 70,000 people and severely damaged residential buildings, schools, bridges and hospitals (Burton
et al. 2006). This clearly indicates a high seismicity zone confirmed by rich earthquake data including the dominant aftershocks of 2005 earthquake
(Rehman et al. 2014).
3. Data
The spatio-temporal variation in seismicity is an
important input for understanding seismo-tectonic
environment and seismic hazard analysis. To study
seismicity variation in a region, we need input in
the form of an earthquake catalogue (Burton 1990).
Instrumental earthquake data are the basis of the
present study to interpret spatial-temporal seismicity variation of north Pakistan and its surrounding
areas (Rehman et al. 2014). The earthquake catalogue for north Pakistan and adjoining areas drawn
from Rehman et al. (2014) contain 5419 earthquakes
during the time periods of 1964–2007. This
catalogue is based upon earthquake data from the

International Seismological Centre (ISC); Engdahl
catalogue (Engdahl et al. 1998); Global Seismic
Hazard Assessment Programme (GSHAP; Zhang
et al. 1999); Preliminary Determination of Epicentres
(PDE); USGS/National Earthquake Information Centre
(NEIC) and other data sources (Kondorskaya and
Shebalin 1982; Rao and Rao 1984; Dunbar et al. 1992;
Johnston 1994). Rehman et al. (2014) used magnitude-homogeneous earthquake catalogue for delineation of seismic clusters in and around Pakistan
using K-means method. The earthquake catalogue
was homogenized with respect to surface wave magnitude and moment magnitude. Duplicate events
were recognized and removed algorithmically, and
later verified by visual assessment. Scaling between
magnitude scales was performed using Scordilis
(2006) relations with homogenized moment magnitude Mw ≥ 4.08 for the current analysis.
4. Data analysis
Various statistical calculations of seismicity (like
histogram creation and b-value) are incorporated
in hazard zonation maps and used as a basis for
seismic hazard assessment (Wiemer 2001; Spassov
et al. 2002; Farrell et al. 2009). In most cases,
the time series analysis of an earthquake catalogue
and b-value calculations is an important factor for
understanding seismicity. In the current study, the
statistical calculations of time series and b-value
analysis are performed using the ZMAP software
package (Wiemer 2001).
4.1 Time series analysis
Time and magnitude histograms for the areas of
HPK, KIA and HKH are shown in figure 3(a–c).
In figure 3(a), HPK appears to have been the first
peak in earthquake activity during the time period
1982–1991. A second peak occurred between 1998
and 2006. Prior to the initial peak, and in between
these two, there are less marked fluctuations in
time. The frequency histogram for KIA (figure 3b)
is more or less the complete opposite of the HPK.
Three prominent peaks reveal at specific years
(1974, 1982 and 2003) rather than intervals. There
are quiescent dates (i.e., 1967, 1969, 1970, 1987
and 1989) observed in KIA. Inspecting figure 3(c)
for HKH, we detect sudden peak in the value of
frequency histogram for the earthquake of October
8, 2005 and its aftershocks. Apart from the 2005
earthquake, the HKH is characterized by hundred
earthquakes reported in 2003. The reported earthquakes from the remaining time periods reveal a
cyclic pattern; with relative increase in number of
new millennium earthquakes. Figure 3 shows that
the best earthquake frequency histogram is that of the
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Figure 3. Histograms of (a) time histogram of HPK, (b) time histogram of KIA, (c) time histogram of HKH, (d) magnitude histogram of HPK, (e) magnitude histogram
of KIA, and (f ) magnitude histogram of HKH.
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HPK because of the large number of instrumental
earthquakes that exist for this region. Similarly,
magnitude histograms indicate that earthquakes
with magnitude range between 4.0 and 5.5 dominated the HPK tectonic domain (figure 3d). Figure 3(d)
(HPK) suggests an organized pattern from magnitude 5.6 and above, with a gradual decrease of
earthquakes having large magnitudes. Figure 3(e)
(KIA) shows only four earthquakes (i.e., 5.69, 5.76,
6.1 and 6.22) after 5.55, while figure 3(f) (HKH)
reflects variation in the magnitude ranges from
5.5 to 6.5 with a gap after 6.5 until 7.6 magnitude
earthquake of 2005. Figure 4(a–c) indicates magnitude vs. time plots of the HPK, KIA and HKH
regions, respectively. Figure 4(a) shows that a large
number of earthquakes (Mw ≤ 6.0) during 1964–2007
occurred in HPK compared to KIA (figure 4b) and
HKH (figure 4c). Furthermore, continuous seismic
activity can be seen (Mw ≥ 6.0) in figure 4(a),
against two earthquakes reported in the KIA
(figure 4b) and five earthquakes in the HKH
(figure 4c), excluding Kashmir earthquake aftershocks. Similarly, we divide the time series analysis
of earthquakes depth (figure 4d–f) into shallow
(<70 km), intermediate (70–170 km) and deep
(>170 km) focus earthquakes. In general, this figure
shows quite different fashion of earthquakes in the
HPK, KIA and HKH. The HPK zone (figure 4d) is
very prominent with a large number of intermediate and deep focus earthquake clusters. Moreover,
the shallow focus earthquakes are dominated in the
KIA and HKH (figure 4e and f). This information
provides an appropriate data for mapping spatiotemporal distribution of b-value using ZMAP.
4.2 The b-value
The famous relationship of Gutenberg and Richter
(1944) has been widely used in the field of earthquake seismology and seismic hazard studies. This
seismic hazard, magnitude–frequency relationship
defines the frequency of earthquake occurrence and
magnitude in an area. The mathematical form of
this relationship is given by
Log N = a − bM,

(Cao and Gao 2002) and mapping of b-values near
Nicoya Peninsula, Costa Rica (Ghosh et al. 2008).
These studies, among several other studies agree
that low values of b are found in the high seismotectonic regions and vice versa (Wyss 1973; Urbancic
et al. 1992; Khan and Chakraborty 2007).
A number of geoscientists have calculated b-value
using weighted least squares or with the method
of maximum likelihood (Aki 1965; Bender 1983;
Pacheco and Sykes 1992; Main 2000; Wiemer and
Wyss 2002; Nuannin 2006; Damanik et al. 2010;
Jafari 2013). Numerical and analytical study of
Sandri and Marzocchi (2007) shows that the least
square method contains bias due to the accumulation, logarithmic conversion and observational
errors. In this study, we have used maximum likelihood method (Aki 1965; Wiemer and Wyss 2002)
for the estimation of b-values (equation 2). The
advantage of this method (equation 2) is that it
reduces the biases of the b-value and its uncertainty (Marzocchi and Sandri 2003). A maximum
likelihood estimate of b-value is given by:


1
,
(2)
b = log10 e
M̄ − Mmin

where M̄ is the average magnitude and Mmin is
the minimum magnitude of the dataset. An estimate of the standard deviation (δb) of the b-value
is given by equation (3) as suggested by Shi and
Bolt (1982):
 
2
N
i Mi − M̄
2
,
(3)
δb = 2.3b
n(n − 1)
where n is the sample size (total number of events
of the earthquake catalogue). Equation (4) is used
to determine the probability that the two samples
may draw from the same population (Utsu 1992)
which explicitly accounts for the number of earthquakes in the sample sets:


dA
p ≈ exp
−2
(4)
2
where

(1)

where N is the cumulative number of earthquakes
and a and b are the constants. a denotes the general seismicity level in the area and b denotes the
slope of the line representing the seismotectonic
level of the region. The analysis of seismicity using
b-value has been studied in various parts of the
world, for example, study of distribution of earthquakes in and around Tarbela Dam site, north
Pakistan (Seeber et al. 1980), seismicity analysis
of the northernmost part of Red Sea (1995–1999)
(Korrat et al. 2006), temporal analysis of seismic
b-values beneath northeastern Japan island arc

dA = −2N ln(N ) + 2N1 ln(N1 + N2 b1 /b2 )
+ 2N2 ln(N1 b2 /b1 + N2 ) − 2
and
N = N1 + N2 .
5. Discussions and conclusions
The computed b-values for the
HKH (figure 5) show a greater
(∼1.55, figure 5b) as compared
figure 5a) and HKH (∼1.06,

HPK, KIA and
b-value for KIA
to HPK (∼1.15,
figure 5c). The
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Figure 4. Time series plots of (a) time-magnitude plot of HPK, (b) time-magnitude plot of KIA, (c) time-magnitude plot of HKH, (d) time-depth plot of HPK,
(e) time-depth plot of KIA, and (f ) time-depth plot of HKH.
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Figure 5. Maximum likelihood estimation for (a) HPK (Mc=5.0, b=1.15± 0.03, a-value = 8.89), (b) KIA (Mc=4.9, b=1.55±
0.2, a-value = 9.51), and (c) HKH (Mc=4.8, b=1.06± 0.04, a-value = 7.88).

existing work of Riad et al. (1988) on b-value
for Pakistan (∼0.65) suggests a low b-value as
compared to the values computed in this study.

This difference in b-value can be attributed to the
fact that Riad et al. (1988) use earthquake data
for the period 1900–1983 (longer time period than
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Figure 6. Maximum likelihood estimation for shallow earthquakes in (a) HPK (Mc=5.0, b=1.44± 0.06, a-value = 9.8) and
(b) HKH (Mc=4.8, b=1.05± 0.04, a-value = 7.82).

the current study) with a much larger study area
(Middle East including Pakistan). It has been
shown that in general the b-value of ∼1 vary from
time to time in the same region (Frohlich and
Davis 1993; Olsson 1999). In addition, we look at
the b-values for the HPK and HKH without incorporating intermediate and deep focus earthquakes
(>70 km). The b-values for these areas of shallow seismic activity are shown in figure 6. The bvalue of HPK increases from 1.15 to 1.44 (figure
6a), while the same decreases in HKH from 1.06
to 1.05 (figure 6b). This is due to exclusion of
concentration of large dataset of intermediate and
deep focus earthquakes in the HPK (figure 4d).
In contrast, HKH is dominated by shallow
earthquakes in time depth plot (figure 4f).
Figure 7 shows the b-value map of north Pakistan
and its adjoining areas for earthquakes range in
magnitude from 4.8 to ≤ 7.6, between 1964 and

2007 in 20 cells with a size of 1◦ ×1◦ . Spatial bvalue results reveal that western parts of the MKT,
MMT, extreme western part of MBT and HF have
low and very low b-values. High and very high bvalues are concentrated in the eastern HPK and
central parts of HPK, KIA and HKH. Furthermore, shifting of high to low b-value appears in and
around the Hazara–Kashmir and Nanga Parbat–
Haramosh syntaxes. The b-value mapping clearly
demonstrates the areas of high and low seismic
potential in the investigated regions. These results
can be compared with some existing tectonic and
seismicity studies as well as with the past
damaging earthquakes in the investigated regions
as described above (Quittmeyer et al. 1979; Kazmi
and Jan 1997; Ali and Khan 2004; Wheeler et al.
2005).
Very low b-value is found in the high seismicity
zone of Hindukush region (approximately 200 km
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Figure 7. Map of b-values within investigated area displayed on cellular grid. Dark blue colours indicate lower b-values in
and around Hindukush and Kashmir. The highest values of b in relatively low seismicity region of eastern part of MKT.

Figure 8. Temporal variation of seismic b-value (thick black line) in HKH from 1964 to 2007 and thick grey line is the
standard deviation. Blue arrow indicates Kashmir earthquake (magnitude = 7.6).

Spatio-temporal variations of b-value in and around north Pakistan
northwest of Peshawar). Most of the earthquakes
felt in Peshawar have their origin in Hindukush
in Afghanistan or northern areas of Pakistan (Ali
and Khan 2004). The intercontinental Hindukush
mountain range hosts the most seismicity and one
of the active zone of the world (Verma et al.
1980; Mahmood and Gloaguen 2012). Most seismic activity of shallow, intermediate and deep
focussed earthquakes can be seen in and around
the Hindukush range of Afghanistan and Pakistan (Wheeler et al. 2005). The Kohistan and
the northwestern parts of Federally Administrated
Northern Areas (FANA; 35◦ −37◦ N, 72◦ −75◦ E)
contributes to high seismic activities (Ambraseys
et al. 1975; Quittmeyer and Jacob 1979; Jackson
and Yielding 1983). The Nanga Parbat–Haramosh
syntaxis, which tightly bended the MMT is also
characterized by high seismicity. Peshawar, which
is the capital city of the Khyber Pakhtunkhwa
(KPK), located in the west of the HKH domain
is lying in relatively low seismicity zone. Historically, Peshawar is characterized by less damage
in earthquake events. The survival of the historical and new buildings in Peshawar during earlier and 2005 (in particular) earthquakes suggest
a low seismicity area (Ali and Khan 2004). However, Uniform Building Code (UBC) and GSHAP
map indicate that Peshawar lies in the most
earthquake hazardous zone. On the contrary, the
results of this study imply that Islamabad, the capital of Pakistan lies in more seismic prone zone.
The seismicity in the region is immanent from
the collapse of Margalla towers during 2005
Kashmir earthquake, that killed 78 people. Similarly, Muzaffarabad is situated in the earthquake
prone zone. Muzaffarabad, which lies in the core
of the Hazara–Kashmir Syntaxis show lower bvalue than Islamabad and Peshawar. During 2005
Kashmir earthquake, the buildings located in eastern, western, central and apex regions of the
Hazara–Kashmir Syntaxis were badly damaged
(Burton et al. 2006). Therefore, the regions lying
in the Hazara–Kashmir region show high seismicity
(figure 2). The Hazara–Kashmir Syntaxis is dominated by active thrust faulting on eastern and western limbs, where the western limb is dominated by
high seismicity (Ali et al. 2015).
The temporal plot of b-value in HKH indicated
with the b-value in the black thick line, the standard deviation in the grey thick line and the
blue arrow shows the devastating Kashmir earthquake (Mw=7.6, figure 8). The obtained result
indicates that the b-value prominently decreased
prior to Kashmir earthquake (October 8, 2005).
Using regional and global catalogue, researchers
have observed decrease in the b-value up to 50%
(Molchan et al. 1999).
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