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A minor tsunami of about 50 cm was generated along 
the coast of Qurayat near Makran subduction zone in 
the Arabian Sea due to the 24 September 2013 Paki-
stan earthquake of magnitude 7.6 Mw(mB), although its 
source was ~200 km far inland of the Makran trench. 
The real-time sea-level observation network in the 
Arabian Sea recorded minor tsunami arrivals. In an 
attempt to explain the mechanism of this unusual tsu-
nami, we use backward ray tracing technique to map 
the admissible region of tsunamigenic source. Basi-
cally, in this technique the ray equations are inte-
grated starting from the specific locations of tsunami 
observations, in all possible directions. The known 
travel time of the initial waves to the respective tide 
gauges and tsunami buoys is used in this method. 
Backward wave front is constructed by joining all 
end-points of the rays from each of the locations. The 
region where the envelope of all backward wave fronts 
converges is considered as the source of the tsunami, 
which is ~470 km from the earthquake epicentre with 
the location at 24.8 N and 61.5 E. The admissible re-
gion identified is an undersea section between Chaba-
har and Gwadar, where a mud island had appeared 
subsequent to this earthquake. Convergence of the 
tsunami source zone and location of the mud island 
suggest that the sudden uplift must have caused the 
tsunami.  
 

Keywords: Backward ray tracing, earthquake, tsunami, 
subduction zone. 
 
ON 24 September 2013 at 11:29 UTC, an earthquake of 
magnitude 7.6 Mw(mB) occurred ~200 km away from the 
Makran coast of Pakistan. It was located ~280 km NW of 
Karachi, 26.99 N and 65.52 E (location obtained by 
ITEWS auto-location software) with a hypocentral depth 
of 10 km (Figure 1). This earthquake triggered a tsunami 
that was recorded by various sea-level tide gauges along 
the coastal regions of the Arabian Sea and tsunami buoys 
in the Arabian Sea. Based on the global experiences, it is 
known that tsunamis are usually generated by undersea 
shallow-focus earthquakes. Co-seismic or delayed tsu-
nami generation due to submarine landslides or slumps is  
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another cause of tsunamis, as demonstrated by the classic 
example of the 1929 Great Banks earthquakes1. The 
Makran subduction zone is believed to have triggered de-
layed tsunamis, possibly by submarine slides during the 
1945 earthquake sourced close to the trench2. While these 
earthquakes were sourced close to the trench, the source 
of the 2013 earthquake was ~200 km inland and the tsu-
nami that followed is unusual. Such events exemplify the 
underestimated tsunami hazard and call for better under-
standing of the tsunamigenic potential of near-coast 
bathymetric features, accretionary complex off Makran 
coast3. A clearer understanding of these features and their 
potential role in tsunami generation is important while 
designing tsunami early warning systems. Here we 
briefly summarize the current status of the Indian Tsu-
nami Early Warning System (ITEWS) and the seismotec-
tonic background of the earthquake source and argue that 
the tsunami was triggered by the mud volcano.  
 The ITEWS, which is the first tsunami early warning 
system in the Indian Ocean4, has established a real-time 
sea-level observation network (tsunami buoys and tide 
gauges) in the Indian Ocean to detect tsunamigenic 
events from the Andaman–Sumatra subduction arc and 
Makran subduction zone. Tsunami buoys (consisting of 
bottom pressure recorder and surface buoy) are deployed 
close to the tsunamigenic source regions in the Bay of 
Bengal and Arabian Sea. The deployment and mainte-
nance of these buoys are being done in collaboration with 
the National Institute of Ocean Technology (NIOT), 
Chennai and M/s SAIC, USA. The tsunami buoys are ca-
pable of detecting minor water-level changes of even 
1 cm at water depths up to 6 km. The data are transmitted 
in real-time through satellite communication for process-
ing and interpretation. Apart from tsunami buoys, state- 
 

 
 
Figure 1. Map of the northwestern Indian Ocean region with major 
tectonic features with the epicentre of the 24 September 2014 Pakistan 
earthquake indicated by a red star along with its focal mechanism solu-
tion (Global CMT Catalog). The sea-level observation network which 
recorded the tsunami waves also plotted (dark pink triangles represent 
tide gauge and green circles are the Indian tsunami buoy). 

of-the-art tide gauges are also installed at strategic loca-
tions along the Indian coast and islands to monitor the 
progress of tsunami waves as well as for validation of the 
tsunami model results. Three types of tide gauge sensors: 
pressure, radar and shaft encoder are installed at each  
location. The installation and maintenance of these tide 
gauges are being done in collaboration with Survey of 
India (SoI), Dehradun and M/s SGS Weather and Envi-
ronmental Systems, New Delhi. The data are transmitted 
in real time through different modes of communication 
like INSAT, GPRS, VSAT simultaneously for processing 
and interpretation. 
 The 24 September 2013, 7.6 Mw(mB) earthquake in 
south-central Pakistan, referred in the literature as  
Balochistan earthquake, is believed to have nucleated on 
the near N–S-oriented, ~1200 km long Chaman fault 
with a left-lateral strike–slip motion5. The initial solution 
suggests its source at shallow crustal depths, which has 
been further modelled by Avouac et al.5 as less than 
15 km. The earthquake occurred within the transition 
zone between northward subduction of the Arabia plate 
beneath the Eurasia plate and northward collision of the 
India plate with the Eurasia plate6. The strike–slip solu-
tion with a thrust component seems to be consistent with 
the northward motion of the western side of India with 
respect to Eurasia at 3 cm/yr, which is accommodated 
across the Chaman fault system7.  
 The ~1000 km-long Makran subduction zone has re-
sulted from the convergence between the Eurasian and 
Arabian plates2. The convergence has led to the devel-
opment of one of the thickest accretionary wedges, with 
an estimated thickness8,9 of ~7 km. Exposure of a sedi-
mentary wedge about 500 km wide has been reported10,11 
from the onshore Pakistan and Iran. The offshore Makran 
accretionary complex with five major structural prov-
inces and elements12, consists of largely unconsolidated 
sediments. The offshore Makran accretionary prism is 
located at depth of 750–3000 m, but it has been reported 
that there is no bathymetric trench seaward of the defor-
mation front (at ~3000 m) depth, due to the large sedi-
ment influx13. Smith et al.13 also quote sources that 
report the common occurrence of mud volcanoes on-
shore, which they believe to be associated with E–W-
trending fault zones.  
 Byrne et al.14 proposed that a large quantity of uncon-
solidated sediment does not necessarily indicate a low po-
tential for great thrust earthquakes. However, in regions 
of large sediment thickness, it has been suggested that the 
accretionary prism provides large volumes of material 
with weak mechanical properties, where rupture propaga-
tion is slow. Examples of tsunami triggered by the trans-
fer of stresses to the accretionary wedge are discussed in 
the literature15.  
 A real-time network of sea-level stations is a crucial 
requirement for the tsunami warning system to confirm 
whether the undersea earthquake has actually triggered a 
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tsunami or not. It is essential to measure the changes in 
water level in real-time with high accuracy to upgrade or 
downgrade tsunami advisories in real time16. ITEWS, at 
Indian National Centre for Ocean Information Services 
(INCOIS) has configured a software to receive, quality 
control, archive, process and analyse the real-time data 
from the tsunami buoys and tide gauge network as well as 
for alert generation and automatic notification of any sig-
nificant water-level changes/communication delays. The 
de-tide (predicted data subtracted from observed) data 
have been computed using SLPR2 software17 for all na-
tional sea-level stations to distinguish tsunami waves 
from normal tidal waves. Real-time observations of sea 
level can then be used to ‘invert’ for slip parameter and 
update the forecast. 
 Two tsunami buoys, STB02 (20.80N, 65.34E) and 
ITB12 (20.18N, 67.65E), were deployed in the Arabian 
Sea to detect and monitor the tsunamis originating from 
Makran subduction zone, as part of one of its tsunami 
warning system components18. The tsunami buoys STB02 
and ITB12 got triggered by seismic Rayleigh waves at 
1130 and 1131 UTC simultaneously and started reporting 
in ‘tsunami mode’ to the Tsunami Early Warning Centre at 
INCOIS. A tsunami wave of 1 cm was observed at 1225 
UTC in STB02 and 1.1 cm in ITB12 at 1240 UTC. The 
 

 
 

Figure 2. Minor tsunami wave observations at different sea-level sta-
tions in the Arabian Sea on 24 September 2013. (Red line indicates the 
earthquake origin time and arrows indicate the tsunami wave arrival 
time.) 

location of the sea-level stations which recorded the  
tsunami wave is given in Figure 1.  
 The arrival of the first tsunami wave to Qurayat 
(Oman), Muscut (Oman) and Suro (Oman) tide gauges 
was at 1205, 1206, 1208 UTC respectively, and tsunami 
waves of 57, 22 and 20 cm respectively, were observed. 
Chabahar (Iran) tide gauge also observed 19 cm wave at 
1240 UTC (Figure 2). 
 The ray diagram technique also referred as refraction 
diagram is one of the many techniques used to model tsu-
nami waves. The technique is fast when compared with 
other numerical modelling techniques where accuracy is 
sacrificed for computational speed. The technique was 
initially proposed by Miyabe19 to investigate the Saniruku 
tsunami of 1933, and also used by Satake20 to analyse 
bathymetry effects on tsunami propagation.  
 The ray diagram technique models the propagation of 
the ‘leading edge’ of the tsunami waves and can be used 
to compute the travel times of the waves from the source 
to any desired location. As this approach does not com-
pute the amplitudes of the waves, all amplitude informa-
tion is sacrificed along with accuracy. The inverse 
problem of the above-mentioned approach (mapping 
source from travel times), popularly known as backward 
ray tracing technique, can be used to easily map the 
source region21,22.  
 The ray equations are derived from the linearized shal-
low-water equations using the eikonal approximation and 
smoothening of the bathymetry is required to apply the 
same to tsunami waves.   
 The tsunami waves can be described by the nonlinear 
shallow-water equations on a spinning sphere with nonlin-
earities, the curvature of the earth and Coriolos force. 
 The set of points in a wave with the same phase are 
called wavefronts, which define the wave propagation in 
time. The rays can be represented as the trajectory of a 
corpuscule normal to the wavefront travelling with the 
speed of the wavefront. For a small area of interest, the 
nonliner shallow-water wave equations of the tsunami 
can be approximated by neglecting the effects of curva-
ture of the earth and Coriolos force with linearized equa-
tions. The solutions of approximated, linearized equations 
are the linear combination of waves with specific  
frequencies, those which satisfy Helmholtz equation. The 
ray equations on the plane can be written as 
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It is clear from the ray equations that the rays are inde-
pendent of the frequency of the wave and only depend on 
bathymetry. Thus in the case of tsunamis, the rays can be 
assumed as wave packets containing a range of frequen-
cies, which are dispersion-less for a flat bathymetry. The 
ray theory can be applied to tsunamis only if bathymetry 
is smoothened, as the above ray equations are derived for 
such wavelengths being much smaller than the length 
scale at which the bathymetry varies.  Further, the ray 
equations can be integrated starting from the specific loca-
tions of tsunami observations, in all possible directions, 
for the known tsunami observed travel time of initial 
waves. Then the backward wavefront can be constructed 
by joining all the end-points of the rays from each loca-
tion. And the envelope of all backward wavefronts  
defines the required curve that is a boundary for the 
source region of interest21. 
 The bathymetry is smoothened by considering the 
wavelengths of interest in order to apply the ray theory in 
this study. It is done by replacing the speed at any point 
by average of the speeds of all points in a box of length 
approximate to wavelength around it23, i.e. for a given 
bathymetry on a grid point, the corresponding wave 
speeds computed to define the smoothened bathymetry by 
choosing the physical length of the box approximate to 
wavelength. For near-shore points, all land points in the 
box are removed21. 
 In this case study, the ray diagrams are constructed 
starting from each location of sea-level gauge, in all pos-
sible directions, for the respective observed travel time of 
initial tsunami waves. The initial tsunami wave arrival at 
each sea-level gauge is noted and listed in Table 1. Then 
the backward wavefront is constructed by joining all the 
end-points of the rays from each location. Finally, the  
envelope of all backward wavefronts from every sea-level 
gauge defines the required curve that is the boundary for 
the source region of interest. 
 
 
 
Table 1. Water-level variations recorded at various sea-level  
  observation stations located in and along the Arabian Sea  

   Observed Observed 
   time of first maximum 
Station Latitude Longitude arrival wave 
(country) (N) (E) (UTC) height (cm)  
 

Qurayat (Oman)  23.26 58.92 1205 57  
Muscut (Oman)  23.633 58.566 1206 22 
Suro (Oman)  22.57 59.59 1208 20  
STB02 (India)  20.80 65.34 1225 1.0  
Chabahar (Iran)  25.29 60.60 1240 19  
ITB12 (India)  20.18 67.65 1255 1.1 
Khawr Wudam   23.82 57.52 1314 11  
 (Oman) 
Diba (Oman)  25.64 56.26 1345 08  
Jask (Iran) 25.63 57.77 1412 06  
Okha (India) 22.46 69.08 1712 02 

 Though the epicentre was located inland approximately 
200 km away from near coast, the tsunamigenic source 
region – the admissible region mapped by the backward 
ray tracing technique was between Chabahar and Gwadar  
as indicated in Figure 3. This was the same location 
where the mud island had appeared as a consequence of 
the strike–slip faulting of this earthquake. The sudden  
uplift of the mud island might have caused the tsunami 
generation, which was clearly mapped by the backward 
ray tracing technique in this case study.  
 Thus the ITEWS has the responsibility to provide 
timely tsunami advisories not only to India as the  
National Tsunami Warning Centre, but also to Indian 
Ocean rim countries in its area of responsibility (AOR) as 
one of the Regional Tsunami Advisory Service Providers 
for the Indian Ocean. The performance of Indian Tsunami 
Early Warning Centre (ITEWC) is 100% for detection of 
earthquakes and monitoring tsunamis in the Indian 
Ocean24 and the same was proved in case of the 11 April 
2012 Sumatra earthquake16. The tsunami triggered as the 
consequence effects of inland earthquake of magnitude 
7.6 Mw(mB) on 24 September 2013 was recorded by  
Indian tsunami buoys (STB02 and ITB12) and tide 
gauges as well as Indian Ocean sea-level observation 
network. This was the first case in ITEWC where a  
 
 

 
 
Figure 3. Admissible tsunamigenic region obtained by backward ray 
tracing technique marked as red circle. 
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tsunami got triggered by land-based earthquake of magni-
tude 7.6 Mw(mB). The simple backward ray tracing 
method was applied for gross delimitation of the tsunami 
source region utilizing the tsunami arrival times recorded 
by sea-level observation networks. There is a limitation 
to this approach as it does not take advantage of the in-
formation of wave amplitude and shape, thus providing 
little information about the tsunami source. Further de-
tailed study and analysis of all available bathymetric, 
seismic and seismological, geophysical and geodetic data 
are required to exactly constrain the tsunamigenic source 
further. The wave inversion method using Greens func-
tion technique to invert ‘equivalent’ co-seismic slip for 
preset unit sources will be used in a future study.  
 The backward ray tracing technique which is consid-
ered the most effective way to determine the tsunami-
genic source area and mapping of the admissible region, 
is well proved in this case and it provides the first-hand 
information about the admissible region – tsunamigenic 
source that generated the tsunami as the consequence ef-
fects of inland earthquake. In this case, admissible region 
was mapped as an undersea area between Chabahar and 
Gwadar regions, which is ~470 km from the earthquake 
epicentre with locations at 24.8 N and 61.5 E. This was 
the same location where the mud island had appeared as a 
consequence of the strike–slip faulting of this earth-
quake25. The sudden uplift of mud island or submarine 
slumping might have caused the tsunami generation, 
which could be clearly mapped by the backward ray trac-
ing technique as admissible tsunamigenic source. This 
study reiterates the need to have better assessment of the 
tsunamigenic potential of accretionary prisms, which 
themselves may not generate an earthquake, but their  
co-seimic deformation can in turn trigger tsunamis. This 
aspect of tsunami mechanism cannot be ignored, espe-
cially for locations such as the Makran which hosts one 
of the thickest accretionary prisms.  
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