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 A Study on the Enhancing Earthquake Frequency in Northern Pakistan: Is the Climate 

Change Responsible?  

Abstract 

In northern Pakistan, the collision between Indian and Eurasian plates has resulted in the formation of 

many faults. The concentration of ruptures, in this regime, probably makes it sensitive to the localized 

changes in the stress. The current climate changes have caused an increase in the rainfall and variation in 

the mass of glaciers, present in the northern Pakistan. The rainfall and glacial runoff has potential to erode 

and transport sediments thus can change the balance of load across faults. On the other hand, glacial mass 

loss or gain also has potential of iso-static rebound or compression of crust, respectively. All these factors 

have been observed in the northern Pakistan. The seismic data of the duration 1965 to 2004 has been 

obtained from Pakistan Meteorological Department (PMD) and the sedimentation data has been acquired 

from Tarbela Dam Project (TDP). The study indicates a gradual increase in the earthquake frequency for 

the magnitudes 4.1-5.0(Mb). The epicental distributions show that these events gradually cluster in the 

central Karakorum and Hindukush areas. The depth analysis suggests the earthquakes with the foci 0-

60km are gathering in the central Karakorum and shocks with depth 0-120 are clustering in the 

Hindukush areas. The FMS study exhibits the dominance of normal faulting in the central Karakorum 

after 1999 and these characteristics do not correspond with behavior of previous mapped Raikot Fault, 

lying in the vicinity. The known significant variables during the study period are the different geological 

processes associated with climate change, which have potential to alter the load across faults and can 

possibly result in enhancing earthquake frequency by changing stresses at some local scale. 
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Introduction 1 

In the present days it is an established fact that the climate is changing due to global warming. The 2 

alterations in the glacial mass, resulting from climate change, depend upon their spatial distribution 3 

through the world.  Since the industrial revolution in 1750, human activities are mostly responsible for 4 

accelerated global climate changes and giving rise to other globally and locally environmental changes 5 

and alteration in land use cover and soils (Iqbal and Goheer 2008).   6 

After Alaska and Arctic regions, the Karakorum-Himalaya (K-H) area constitutes the second largest 7 

glacial cover of the Earth (Dyurgerov and Meier 2005). On the basis of mapping done by using the recent 8 

satellite images in K-H region, the estimated glacial mass covers around 40,800 square kilometers: 9 

Himalaya 22800 and Karakoram 18000 square kilometers (T. Bolch et al. 2012). The Karakoram glaciers 10 

are fed by precipitation and avalanche. An increase in precipitation has been observed in the heights 11 

around 2500 and 4800 meters while maximum precipitation occurs at the altitude between 5000 to 6000 12 

meters (Hewitt 2005). 13 

 A few larger glaciers are expanding in the Karakoram and adjacent areas (Smiraglia et al. 2007; Hewitt 14 

2005). Around 5% decline has been observed in the Karakorum glaciers in the early 20
th
 century (Hewitt 15 

2011). However, the loss in mass was slowed down in 1970s (Mayewski and Jesche 1979) and in 1990s 16 

the glaciers stabilized and started advancing in the high Karakoram (Hewitt 2005; Immerzeel et al. 2009). 17 

A net gain in the glacial mass has been studied in the higher Karakoram (Naz et al. 2009). The GRACE 18 



satellite gravimetric observations, during 2003 to 2009, suggest a net loss in mass of glaciers across high 19 

Asian mountains, however this trend is highly variable in the space and time and northwestern part 20 

including the Karakorum mountain range show a gain in mass and in Hidukush areas there is a slight loss 21 

in mass (Matsuo and Heki 2010).  During the early twentieth century i.e. 1999-2008, based on the Digital 22 

Elevation Model (DEM) data acquired from Shuttle Radar Topographic Mission (SRTM) and Satellite 23 

Pour l’Observation de la Terre (SPOT5) optical stereo imagery, J. Gardelle et al (2012) observed a slight 24 

gain in the mass, in the central Karakorum glaciers.  25 

The snout of Baltoro glacier, one of the largest glaciers in the Karakoram, is oscillating back and forth a 26 

couple of hundred meters (Mayer et al. 2006). In the central Karakoram, there are strong indications of 27 

glacial meltdown along the northern flank of Rakaposhi Mountain and over all slight loss in the glacial 28 

mass, in the Bagrot valley (Mayer et al. 2010). As wasting ice sheets and caps unload the solid Earth, 29 

stresses released can both deform the Earth’s surface (Pagli and Sigmundsson 2008) and decompress the 30 

Earth’s mantle (Sigvaldason et al. 1992). The cumulative stress on the Earth's crust results from tectonic 31 

background stress, overburden pressure and pore-fluid pressure.  The fault movement is controlled by the 32 

superposition of first two and variation in the third one (Twiss and Moores 2007; Steffen et al. 2013). 33 

Along with the change in the glacial size, the stresses on the earth crust and across faults can also be 34 

altered by erosion and transport of the sediments associated with the rainfall and water runoff. To have an 35 

insight about the amount of sediments being eroded and transported from northern Pakistan, Tarbela Dam 36 

is located in ideal position. It is one of the largest rock-fill dams in the world that is built on the Indus 37 

River (Tate and Farquharson. 2000). Although it can collect some part of the rain and melt water coming 38 

from the northern Pakistan. In an average year the river Indus can carry around two hundred million tons 39 

of sediments from Himalaya and Karakoram ranges and deposits it in the Tarbela Dam (Project 40 

Monitoring Organization 1996). The sediment longitudinal profile for the Tarbela dam shows that the 41 

reservoir capacity is decreasing considerably with the each passing year (Fig. 2) due to the large amount 42 

of sediments deposited each year. The glacial mass loss and gradual increase in the rainfall would 43 

possibly result in increase discharge rate with the passage of time. So the potential of water to erode, carry, 44 

transport and deposit the sediments may also increase. The imbalance of load can have potential to 45 

change the stress regime across faults and may possibly trigger some earthquakes. Ekstro¨m et al. (2006) 46 

observed an increase in the seismic activity in Greenland for the long-period seismic magnitudes in the 47 

range 4.6 to 5.1, which cannot be associated with the advancement of the instruments. The research 48 

indicated that some glaciers and ice streams periodically lurch forward with sufficient force to generate 49 

emissions of elastic waves that are recorded on seismometers worldwide.  50 

As the northern Pakistan is thickly populated with faults, which make it sensitive to the localized changes 51 

(Usman et al. 2010b). So, this region is good to study and analyze the possible correlation between 52 

change in mass and earthquakes. Jadon (1992) proposed that the tectonically northern Pakistan is 53 

associated with the convergence resulting from the collision between Indian and Eurasian Plates and has 54 

the dominance of various types of thrust faults (Fig. 1b).  The major delineated structures of the collision 55 

zone, present in the study area, are the Main Karakoram Thrust (MKT) also known as the Shyok Suture 56 

Zone, the Main Mantle Thrust (MMT) also known as the Indus Suture Zone, the Main Boundary Thrust 57 

(MBT). (Yeats and Lawrence 1984; Tahirkheli et al. 1979). The Hazara-Kashmir Syntaxis is supposed to 58 

serving as junction mainly for different types of thrust faults. The zone of about 250 km wide and 560 km 59 

long fold-and-thrust belt  surrounding The Panjal-Khairabad fault (Fig. 1b) has been divided into the 60 



northern hinterland zone and southern foreland zone  (Lisa et al. 2007). The studies also suggest that 61 

strike slip faulting is also active in this compressional zone (Verma and ChandraSekhar 1986, Sercombe 62 

et al.1998, Lisa et al. 2002, 2004).  63 

During the probabilistic seismic hazard assessment of the northern Pakistan, Lisa et al. (2007) has 64 

observed a consistent increase in the earthquakes having moment magnitude 4.0 to 5.0. Usman et al. 65 

(2010a) proposed that the increase in the earthquake activity may possibly be the result of isostatic 66 

rebound of the earth resulting from the expected glacial mass loss due to climate change. Also, the 67 

sediment load across faults may alter the balance of load to generate earthquakes (Usman et al. 2011).  68 

As the study area is mostly covered with glaciers and also due to the unavailability of satellite data during 69 

the study period, it is not possible to establish a direct correlation between the crust movement and the 70 

resulting seismic activity. However, it is essential to study the changing earthquake activity from every 71 

possible aspect. A revised earthquake catalog (catalogue completeness test was perfumed and unreliable 72 

events were excluded) along with sedimentation data of Tarbela Dam Project and FMS data of Global 73 

Centroid Moment Tensor (GCMT) has been used to further understand and analyze this possible 74 

relationship. The earth’s climate model projections suggest that global surface air temperature will 75 

considerably increase in future due to radioactive effects of atmospheric gases (Delworth et al. 1999) 76 

which will further complicate the problem of glacier melting and associated geological hazards. 77 

 78 

Fig. 1 (a) The historical seismicity and the some important active faults of northern Pakistan. The colored dots, 79 
plotted by using Pakistan Meteorological data, indicate the magnitude and location of the earthquakes. (b) The faults 80 
are from Lisa et al. (2007). The beach balls are derived from Global Centeroid Moment Tensor (GCMT) data.  81 

 82 



 83 

Fig. 2 Sediment Longitudinal Profile of Tarbela Dam. The horizontal axis shows the distance in miles (Tarbela Dam 84 
Project 2010). 85 

 86 

 87 
 88 

Fig. 3 Magnified view of the FMS clustered areas. MKT is Main Karakorum Thrust and RF is Raikot Fault 89 

 90 
 91 

 92 



 93 
2. Materials and Methods 94 

 95 

The seismological data was acquired from Pakistan Meteorological Department (PMD) and study 96 

duration was from 1965 to 2004 as the Pakistan has not installed new seismological stations from 1965-97 

2004 in study area.  Only PMD catalog was used and in this catalog every other seismological value 98 

shared from different sources like International Seismological Center (ISC), Indian Meteorological 99 

Department (IMD) etc was excluded. After performing the catalogue completeness tests (detail of the 100 

process is given in the supplementary file) the earthquakes having body wave magnitude 4.1-6.0 were 101 

selected.  Although, in the northern Himalaya (including the northern Pakistan) the recurrence interval for 102 

the earthquakes having magnitude ≤ 6.0 is less than a year (Shankar et al. 2007); but the change in load, 103 

due to climate change, is a slow geological process. So, decadal frequency has been used to make a clear 104 

conclusion. Dadson et al. (2003) also used the decal erosion rates in the eastern Central Range and 105 

southwest Taiwan, and found that the rate was the maximum in the active thrust fault regions. It means 106 

that the contribution of sediment transport in the mass change, for the active thrust region of northern 107 

Pakistan, cannot be ignored. To have an insight about the sediment transport rate and amount the 108 

sediment longitudinal profile data was acquired from Tarbela Dam Project. To examine the behavior of 109 

the earthquakes the Focal Mechanism Solutions data for the duration 1976 to 2004 was acquired from 110 

GCMT.  111 

 112 
Table 1 Different body wave magnitude and its average frequency (AF) and cumulative frequency (CF) 113 

 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 

 122 

 123 
Fig. 4 Magnitude plot. ACF is Average Cumulative Frequency 124 

Magnitude   

Duration 4.1-5.0 AF 5.1-6.0 AF Total ACF 

1965-74 99 9.9 24 2.4 123 12.3 

1975-84 127 12.7 5 0.5 132 13.2 

1985-94 139 13.9 11 1.1 150 15 

1995-04 166 16.6 11 1.1 177 17.7 

Total 531 13.3 51 1.3 582 14.6 



 125 
Fig. 5 Epicenteral plot for different magnitudes in the corresponding decades.  126 

Table 2 Different depth ranges (in kilometers) and their corresponding average frequency (AF) and average 127 
cumulative frequency (ACF) 128 

 129 

 130 
 131 

 132 
 133 

Fig. 6 Depth plot. ACF is Average Cumulative Frequency 134 
 135 

Depth 

 

Duration 0-60 AF 61-120 AF 121-180 AF 181＞ AF Total ACF 

1965-74 76 7.6 32 3.2 5 0.5 10 1 123 12.3 

1975-84 91 9.1 36 3.6 4 0.4 1 0.1 132 13.2 

1985-94 75 7.5 45 4.5 25 2.5 5 0.5 150 15 

1995-04 104 10.4 51 5.1 20 2 2 0.2 177 17.7 

Total 346 8.7 164 4.1 54 1.4 18 0.45 582 14.6 



 136 

Fig. 7 Epicenteral plot for different depths in the corresponding decades.  137 

 138 

3.       Results and Discussion 139 
 140 
Table 1 and Table 2 show the magnitude and depth wise earthquake frequency for northern Pakistan 141 

respectively. The corresponding epicenter plots for the magnitude and depth have been shown in Figs. 5 142 

and 7. While Figs. 4 and 6 depict the average earthquake frequency for the magnitude and foci ranges, 143 

respectively.  144 

 145 

The satellite data study of around 19 glaciers in the Hindukush area has shown that around 73% glaciers 146 

are retreating at slower rate and the study of 42 glaciers in the Karakoram areas has suggested that around 147 

58 % of the glaciers are advancing (Scherler et al. 2011). The grace gravimetric observations also indicate 148 

a slight gain in the mass of Karakoram glaciers but loss in mass has been detected in the Hindukush areas 149 

(Matsuo and Heki 2010). In the Karakoram area from 1920 to early 1990s most the glaciers have lost 150 

mass this period was punctuated with a small advancement phase in the 1970s and in the late 1990s the 151 

glaciers of Karakorum started advancing (Hewitt 2005).   In the central Karakorum area, there is around 152 

200 meters oscillation in the terminus of Baltoro glacier (Mayer et al. 2006). In the central Karakoram, 153 

there are strong indications of glacial meltdown along the northern flank of Rakaposhi Mountain and over 154 

all slight loss in the glacial mass, in the Bagrot valley (Mayer et al. 2010).  155 

Apart from the current changes in the mass of glaciers the rain fall also has a strong potential for erosion 156 

and transportation of load across faults. In the upper Indus basin, from 1961-1999, statistical analysis 157 

shows that precipitation has increased in summers, winters and annually at several stations (Fowler and 158 

Archer 2005). Around two hundred million tons of sediments from Himalaya and Karakoram ranges are 159 

carried by Indus and deposited it in the Tarbela Dam in an average year (Project Monitoring Organization 160 

1996) the sediment longitudinal profile is shown in Fig. 2.  161 

 162 

So, there are strong evidences of change in mass across Karakorum and Hindukush area. As wasting ice 163 

sheets and caps unload the solid Earth, stresses released can both deform the Earth’s surface (Pagli and 164 

Sigmundsson 2008) and decompress the Earth’s mantle (Sigvaldason et al. 1992).  For the activation of 165 

faults, the change in load over the earth crust is one of the major factors (Twiss and Moores 2007; Steffen 166 

et al. 2013). Some glaciers and ice streams periodically lurch forward with sufficient force to generate 167 

emissions of elastic waves that are recorded on seismometers worldwide (Ekstro¨m et al. 2006).  168 



In this area as the source, stations and seismograph have remained same during the study period. The 169 

increasing temperature is causing the glaciers of study area to melt and as the glaciers melt their load on 170 

plate lessens and there is a greater likelihood of an earthquake to happen to relieve the large strain 171 

underneath (Usman et al. 2010).  172 

 173 

The epicentral plot for different magnitude earthquake frequencies (Fig. 5) shows a ‘clustering response’ 174 

for the magnitude ranging from 4.1-5.0 (Mb) with passage of time in the Hindukush areas where there are 175 

reports of glacial mass loss.  In the central Karakoram area where are studies indicating the change in 176 

mass and also the concentration in the earthquake epicenters for the magnitude 4.1-5.0 have been 177 

observed. Probably the combined with localized changes in the stress on the crust the glacial run off and 178 

rainfall has also the potential to erode and transport sediments across faults thus can change the balance of 179 

load and may probably trigger seismic activity. While studying the cause for the rise of Andes, Lamb and 180 

Davis (2003) concluded that climate controlled sediment starvation can possibly cause high sheer stresses 181 

along the plate boundary. The Fig. 4 shows an increase in the seismic activity for the magnitude of 4.1 to 182 

5.0 however no such increase has been observed for 5.1-6.0 magnitude shocks. This rise in earthquake 183 

frequency was also observed by Lisa et al. (2007). 184 

 185 

The focus plot of the epicenter (Fig. 7) also shows the clustering of earthquakes for the depth 0-60 km in 186 

the central Karakorum and around 0-120 km for the Hindukush areas. Also the Fig. 6 shows the 187 

increasing trend in the earthquake frequency for the depth range of 0-60 and 61-120 km. No such clear 188 

increase in earthquake frequency has been observed for the greater depths. 189 

 190 

The Focal Mechanism study (Fig. 1b) also indicates the clustering of the events in two zones (Fig.1 a,b). 191 

Two previously studied faults are passing through these areas: Main Karakorum Thrust (MKT), strikes in 192 

strikes east-west to south-west direction; and Raikot Fault which strikes in north to north east direction 193 

(Fig. 1b). On the basis of stress directions, Seeber and Pêcher (1998) proposed that the RF is the mainly a 194 

reverse fault, although dextral and sinistral components are found locally (Seeber et al. 1997). Based on 195 

the behavior of FMS and the characteristics of MKT which is passing close, it is reasonable to believe 196 

MKT as a possible source fault in this region (Fig. 3a). From 2000 the FMS behavior seems interesting 197 

(Fig. 3b). Out of six focal mechanisms, 5 exhibit normal and one show that the strike-slip faulting. 198 

However, these characteristics do not correspond with the features of RF. Also, there is always an 199 

uncertainty about the location of FMS and they cannot be associated accurately with any under 200 

observation fault based on seismological or even the GPS data, especially in a complex tectonic regime. 201 

During the study of the October 28, 2008 shock sequence, in Baluchistan (Pakistan) based on the 202 

seismological and GPS data numerous researchers proposed that previously studied Urghaghai Fault as a 203 

possible source (Lisa and Jan 2010; Khan et al. 2008; Yadav et al. 2012). However, on the basis of 204 

synthetic aperture radar data, it became clear that a new complex geometry of conjugate faults was the 205 

responsible source (Pezzo et al. 2014; Puyssegur et al. 2014; Usman and Furuya 2015).  206 

 207 

 In the intraplate compression regime, various parts of plates experience different style of deformation and 208 

exhibit corresponding strain partitioning of reverse, normal and strike slip faulting. The FMS serve as 209 

finger prints to identify the stresses accommodation in different parts (Figs 1b, 3). The possible load 210 

change driven enhancing earthquake frequency resulting from climate change might be factor for the 211 

change of stresses at some local scale. Consequently, resulting from the increase in tremors ranging from 212 



4.1 to 5.0, the landslides and avalanches would possible become more frequent.  213 

 214 

Conclusions 215  216 
In the northern Pakistan an increase in the earthquake frequency has been observed for the magnitude 4.1 217 

to 5.0 and epicenter plot show that they are mostly concentrated in the central Karakoram and Hindukush 218 

areas where there are reports of glacial mass change and increase in the rainfall. The depth plot indicates 219 

that the earthquakes ranging from 0-120 km are increasing with the passage of time while 0-60 km 220 

earthquakes aggregate in the central Karakorum and 0-120 km shocks show a gradual increase in the 221 

concentration in the Hindukush areas. Regardless of the fact that there is a high population of reverse 222 

faults in the central Karakorum, the FMS study indicates that from year 2000 the normal faulting is 223 

dominant in the study area and its characteristics do not correlate with the Raikot Fault passing nearby.  224 
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