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Purpose and Introduction: 

 Long quiescent subduction zones like the Makran, Sunda , and Cascadia, which likely 

have long recurrence intervals for large (> Mw 8) earthquakes and poorly known seismic histories, are 

particularly vulnerable and often ill-prepared for seismic hazards.  This is because the threat has either 

been long forgotten in human records or is unrecognized.  Recent development of seismic and GPS data 

analysis tools have aided in enhancement of understanding the mechanics of stress and strain 

accumulation in subduction zones.  With the expansion and modernization of global seismic and GPS 

networks, these recent developments can be used for reanalysis and evaluation of subduction zone 

hazards. 

The Makran subduction zone is located off the coast of Pakistan and Iran (Figure 1).  Subduction 

occurs along an approximately 900 km margin between the Arabian and Eurasian plates at a rate of 

about 4 cm/yr. (Kopp et al., 2000; Smith et al., 2012).  This area is poorly understood tectonically and 

has not been studied extensively.  The 1945 Mw 8.1 earthquake and its subsequent tsunami as well as 

more recent mid magnitude, intermediate depth (50-100 km) seismicity have demonstrated the active 

seismic nature of the region (Bryne et al., 1992; Rajendran et al., 2012). Recent increases in GPS and 

seismic monitoring now permit the geophysical modeling of the Makran subduction zone.  Most GPS 

and seismic data from this region indicate that the eastern part of the zone is presently more seismically 

active than the western segment.  The eastern segment was also the site of the 1945 Mw 8.1 earthquake 

(Rajendran et al., 2012).  Presently, the overarching tectonic question regarding this area is whether or 

not the western segment of the subduction zone is aseismically slipping or locked and accumulating 

stress that could be released in an earthquake (Quittmeyer, 1979; Bryne et al., 1992).  Determining 

whether the western segment is locked constrains the seismic and tsunami hazards posed by this 

structure for the population centers living in the region.   
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Previous studies indicate that    Mw 8.1 is the upper limit of the earthquake size for the entire 

zone (Pararas-Carayannis, 2006).  This upper limit is based on a 300-350 km rupture length and thrust 

mechanism of the 1945 event; distribution of accumulated unconsolidated and consolidated sediments 

in the accretionary wedge also factor into this limit estimation based on how they dehydrate at depth 

and affect the mechanics of the fault slip (Pararas-Carayannis, 2006).  Previous earthquakes that 

approach the Mw 8.1 upper limit were accompanied by tsunamis (Pararas-Carayannis, 2006; 

Heidarzadeh, Pirooz, Zaker, Yalciner, et al., 2008).  This is based on paleoseismic data from as far back as 

326 BC, the 1945 earthquake tide gauges, and eye witness accounts from the 1945 event (Pararas-

Carayannis, 2006; Heidarzadeh and Kijko, 2010; Neetu et al., 2011).  Other hazards that affect this area 

during seismic shaking are mud volcano eruptions, mudslides, and liquefaction, all of which were 

documented in the 1945 event and some paleoseismic records have found evidence for these hazards 

occurring in the past (Rajendran et al., 2012) (Figure 2).  Even though the coast of Pakistan along the 

Makran is not densely populated, neighboring gulf countries of Oman, Iran, as well as the west coast of 

India are more populated and thus exposed to tsunami related dangers.  Predicting where the next 

earthquake may occur and how large it may be is important.  This information aids in improving building 

codes, evacuation plans, and allotment of funds for rebuilding. 

Earthquake activity in the western half of the Makran has been generally of small magnitude 

and seismicity for the whole subduction zone is shallow, with depths of 20-25 km depths (Heidarzadeh, 

Pirooz, Zaker, Yalciner, et al., 2008).  Although seismicity is segmented across the zone, the amount of 

slip mostly likely is not.  Preliminary evidence from GPS velocity vectors along the subduction zone show 

that there is no abrupt drop off in strain accumulation at the western edge of the zone, which indicates 

that the strain must accumulate along the entire Makran subduction zone either as a gradient or as 

uniform strain accumulation (Figure 3).  Based on this GPS evidence, the western half appears to be 

coupled to some unknown degree and thus has been accumulating stress that could be released in 

another > 8.0 Mw earthquake.  I contend that the western segment of this zone is still locked and could 

generate a large 1945 type earthquake event.  I propose to use existing GPS data to assess the seismic 

potential and hazard of the western segment of the Makran (Figure 4).  By modeling available GPS data 

to construct a fault coupling model, I will investigate whether the western part of the zone is locked and 

what type of earthquake magnitude and rupture could occur. Most of the previous studies in this zone 

have focused on using tsunami and seismicity data from the 1945 event to assess the seismic hazard 

(Heidarzadeh and Kijko, 2010; Pararas-Carayannis, 2006; Heidarzadeh, Pirooz, Zaker, and Synolakis, 

2008), I anticipate that the inclusion of GPS data will provide better constraints.  Since the GPS data 
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observes elastic deformation as it occurs on a recent time scale it will allow me to establish better initial 

parameters and constraints on my models, which will help in the development of a model that best fits 

the actual GPS velocity vectors. 

Objectives:  

Reevaluating earthquake hazards with GPS and seismic data should aid in better knowledge of 

fault slip and rupture for any subduction zone.   These studies should assess the characteristics of stress 

and strain accumulation in subduction zones or fault slip zones to characterize future seismic threats. 

Further analysis of stress and strain can aid in understanding earthquakes and the associated hazards 

(like tsunamis) that accompany large earthquakes and better prepare areas for all possible scenarios of 

earthquake rupture. 

Assessment of the earthquake hazards in the Makran subduction zone should help characterize 

the potential earthquake hazard.  Improved assessments of potential hazards would affirm the need to 

increase seismic and GPS stations in the area, which is necessary to monitor and enhance understanding 

and assessment of this area so it can be fully and properly studied.  Insights from this area could 

improve modeling and assessment of subduction zones globally as well.  

Background:  

The seismicity of the Makran subduction zone shows strong segmentation of seismic activity 

between the western and eastern segments (Figure 5).  Seismicity in the eastern half is more common 

and productive, generating most of the larger (> Mw 6.0) earthquakes in the region, while the western 

half is relatively quiet seismically (Heidarzadeh and Kijko, 2010).  Most earthquakes in the western half 

also occur at intermediate depths (50-100 km) within the down going Arabian plate (Bryne et al., 1992). 

Hypotheses proposed to explain the relative quiescence of the western half are as follows: 1.) the 

western half no longer has active subduction, 2.) the western segment is aseismically slipping, 3.) the 

western segment is locked and could generate a large earthquake but is currently seismically quiescent  

(Rajendran et al., 2012).  Previous seismic studies in this region have focused primarily on the 1945 Mw 

8.1 event and estimate a recurrence interval of about 1000 years (Rajendran et al., 2012).   

Reanalysis of the 1945 earthquake tsunami data with current tsunami modeling algorithms, like 

TSUNAMI-N2 (Heidarzadeh, Pirooz, Zaker, and Synolakis, 2008), show that a repeat of the 1945 

earthquake would heavily inundate the modern coastal cities of Pakistan, India, Iran, and Oman 
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(Heidarzadeh and Kijko, 2010).  Consequently, most of the published papers for this area are concerned 

with how surrounding areas of Oman, Iran, and India will be impacted by tsunami generation.  Mainly, 

these papers investigate how these areas would be inundated and how and when the waves would 

arrive on shore (Heidarzadeh and Kijko, 2010; Pararas-Carayannis, 2006; Neetu et al., 2011).  Data for 

these tsunami hazard models comes from the 1945 tide gauges and eyewitness accounts, as well as 

paleoseismic data (Heidarzadeh and Kijko, 2010; Neetu et al., 2011).  Eyewitness accounts are 

commonly affected by human error and many tide records are incomplete or missing due to lack of 

maintenance during World War II.  A lack of paleoseismic studies for Pakistan has led to discrepancies in 

different data records (Heidarzadeh, Pirooz, Zaker, and Synolakis, 2008; Pararas-Carayannis, 2006).  

Most published paleoseismic records differ in both the number and magnitude of large earthquake 

events (Figure 6).  Paleoseismic tsunami data related to large earthquakes are also very sparse and 

unreliable causing all tsunami generation models to depend solely on the data from the 1945 event 

(Heidarzadeh, Pirooz, Zaker, and Synolakis, 2008; Heidarzadeh and Kijko, 2010).   

Methods:  

I will compile existing GPS data from Pakistan, India, Bhutan, and Tibet to be rotated and 

manipulated to one fixed plate reference frame (ITRF08) to create a map of the GPS velocity vectors in 

this reference frame (Altamimi et al., 2011).  Once these sites are rotated to one reference frame I will 

choose sites assumed to be on stable India that are not being affected by the India-Eurasia plate 

collision event.  This is easily accomplished by simply rotating the sites to the INDI_I08 reference frame 

as a whole and picking sites whose plotted vectors appear to be recording the actual motion of the 

Indian plate and not the Himalayan orogeny; sites affected by the Himalayan orogeny will have different 

magnitudes and directions of deformation than sites on stable India (Figure 7).  Rotating the sites from 

ITRF08 to INDI_I08 pins the sites to the India plate reference frame rather than a global one so that I 

may see how the GPS record deformation relative to India only.  I will then linearly invert sites on stable 

India and calculate a pole of rotation for stable India.  It is important to choose sites that are not 

affected by the India-Eurasia plate collision, as they will show larger residual error based on the 

calculated pole I have established and I do not want to include influences from this collision into my 

calculation.  This allows me to establish the boundary of stable India with Eurasia and will insure that the 

sites I choose for my analysis of the Makran subduction zone are showing velocity vectors that are not 

affected by the continental collision of India with Eurasia and are on the Eurasian plate.  Next I will 

establish a rate of collision to drive the Makran subduction zone beginning with the NUVEL-1A plate 
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motion model or from plate motions derived from GPS station velocities on Oman, which is on the 

subducting Arabian plate (DeMets et al., 1994).   This information will be input into my fault coupling 

model as a convergence parameter.   Other parameters to be decided for my fault coupling model are 

inversions for slip from my GPS velocity data.   To obtain a more detailed slip model, I will divide the 

subduction zone into fault segments in the down-dip direction.   To avoid non-physical inversion results, 

I will impose a second order smoothing to eliminate steep strain gradients.  I then need to use the back-

slip method to calculate fault coupling model to impose a normal fault motion on the fault so that stress 

and strain accumulation can be assessed and recovered by thrust motion during a large earthquake.  

Another variable I will have to solve for while creating my fault coupling model is the down-dip limit of 

the seismogenic zone.  My assessment of the down dip limit of the seismogenic zone should provide a 

transition zone from completely coupled to freely slipping down dip of the fault.   With these 

parameters established I can model inter-seismic deformation vectors which should match the observed 

strain from the GPS data.  I will be using seismic data to create a cross section of the subduction zone to 

assess where the transition and aseismic zone likely occur.  Once I have an accurate coupling model that 

mirrors my actual GPS vector observations I can assess coupling on the Makran to answer whether or 

not the western half is locked.    

Results: 

Assessing the correlation of modeled interseismic deformation with observed GPS velocity 

vectors will allow me to investigate the convergence rate, stress and strain accumulation, and coupling 

of the entire Makran subduction zone.  Analysis of the GPS data and models should also allow me to 

assess how the eastern part of the zone is reacting to strain build up.  This will allow me to investigate 

whether or not the eastern half is accumulating all the strain build up here while the western half freely 

slips. Evaluation of strain accumulation will answer where fault coupling is occurring at this zone and 

where potential earthquakes threats are.  Investigating movement along the whole of the subduction 

zone should help to assess rates of subduction.  Fault coupling models will allow assessment of how 

different rupture lengths and earthquake magnitudes will affect Pakistan and the surrounding areas.  

Information from these fault coupling model assessments can be used to estimate the likelihood of each 

event and will help to improve seismic hazard assessment for this area.  

Significance: 
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To date there is no known tsunami or earthquake evacuation plan for Pakistan (Memon, 2011).  

Without proper knowledge of the hazard here Pakistan and neighboring countries may find themselves 

taken by surprise like Sumatra was in the 2004 earthquake.  Since tsunami generation is possible here it 

is important to know what magnitudes of earthquakes will trigger a tsunami and how will it affect 

people in this area.  A fault coupling model should greatly improve the current assessment of large (> 

Mw 8.0) earthquake magnitude generation in Pakistan, which could be used for improved and more 

precise tsunami generation studies.  Results from this study could also be helpful analogs for other 

subduction zones with long recurrence intervals.   

Schedule: 

 

  

Budget: N/A 

Figures: 
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Figure 1.) This image of the Makran subduction zone from Google earth shows where subduction occurs along the coast of 

Pakistan and Iran as denoted by the red line.  The yellow arrows indicate the relative direction of subduction beneath the 

Eurasian plate. 

 

 

 

 

 

 

 

 

 

 

Figure 2)  Image showing the main geologic and tectonic features of the Makran subduction zone.  Shown here are the locations 

of active mud volcanoes along the coast.  It is documented in historical records that during large earthquakes these mud 

volcanoes are known to become active and gas blows were documented, which started fires along the coast (Pararas-

Carayannis, 2006). 
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Figure 3.) Images of the GPS velocity vectors in Iran and Pakistan; Pakistan is referenced in a Eurasia 2008 frame and Iran is in 

Eurasia 2000.  Sites along the coast closest to the subdcution zone show that there is motion here and strain.  Also evidenced 

by the GPS velocity motions at JASK and CHAB along the Iranian coast is that strain does not drop off in the western half. This 

indicates strain must also be accumulating here as well (H. R. Nankali and DJamour).  Determing whether or not the strain is 

uniform along the coast for this subduction zone or characterized by a gradient in strain as you move west along the coast is 

still uncertain. 
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Figure 4.) GMT produced image of the locations of GPS sites in Pakistan. 

 

Figure 5.) Image of recent seismicity in the Makran.  The yellow box outlines the western half of the zone where clustering of 

seismicity occurs here.  Also, this zone tends to have greater magnitudes of earthquakes in instrumental history here 

(Heidarzadeh and Kijko, 2010). 
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Figure 6.) A Google earth image overlay for the recored historical seismicity of earthquakes near or on the Makran subduciton 

zone (Utsu, 1990). 
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Figure 7.) Image of my  India Euler pole map with the plotted GPS sites and their residual fit to the pole of rotation.  My 

calculated Euler Pole is 51.7° N , 2.6° E , and an angular rotation of about .5202deg/m.y.  Sites with larger residuals are 

most likely not on stable India or are recording some influence from other tectonic processes, like the Indian plate collision 

with Eurasia. 
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