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Abstract:

Pakistan is located dhe earthquake prone zone. Theestcoast of the country ig1 a zone of serious seismi@zard because

of possessin@ subduction zoneThis area habeen victimizedby severalsevere earth quakeand tsunams in the past.
Bathymetric and earthquake interpolated mapave been preparedor risk assessmentGrowing populationdevelopment

and planning along the coast of Makrarespeciallyat Gwadar could be a serious risk in future withoseismic hazard
assessment. Considering the safety measuagainst the probable tsunami, special attention must be paid in the prospect of
planning anddevelopment éong the coastThisarticle is an attempt to assess the magnitude of the risk on behalf of onshore

and offshore morpholoig configuration with theittectonicsetup.
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1. Introduction:

Coastal areas possess greattential for economic opportunities of trade, commerce, fishing and recreafiorld Bank,
2017. The coastal areas on one side amgortant for the economy of thecountry and on the other side are vulnerabie
natural disasters like coastal flogctyclones and tsunams (Rahman2013).Their strategic andeopoliticsimportance to the
country is ao considerabléGhani, 2013)Pakistan is one of many countries of the world blessed with the coastal region. Its
coastal belt runs from Sir Creek in the east to Dasht delta in the west, broadly bobyd&iddh coast (east) and Makran

coast (west).

The western coasl belt has been victimized by many earthquakes and tsunami in the times Pashéy 2017). The large
earthquakes along the Makran Subduction ZdMSZ)have generated destructive tsunamis in tpast (Berninghausen,

1966). The largest recorded earthquake with the magnitude of 8.1, generated tsunami along the Makran coast on November
28, 1945, resudtd in a great loss of life and destruction at the coast of Pakistan, Iran, India and Oman (QureshR K006

2005 Mokhtari and Farahbod, 200%ararasCarayannis, 2006 After passing darge period of 70 yearsthe probability of
occurrence ofa majorearthquake and tsunami should not be ignored. The urbanization and coastal development projects
are in progress, especially near Gwadar. This articleniattempt to evaluatethe probability of tsunami occurrences

alongshoreandthe development activitison the western coast of Pakistan.

Alignment of the subduction zone of Makran is just parallel to the coast of Makran. Many scientists and researchers are of

opinions that this region is located at seismic hazards risk 2deiglarzadeh et. al., (20p8tudied by numerical modeling of



historical tsunami in this region and evaluated 7 major earthquakes since 326 BC t&9AAIs historical record produse

the Tsunami generation model in this region.

Heidarzadeh etal., (2009)simulated the neafield flood of two largegsunamisin Makran in the development of flood maps
for the northwestern IndiaThese twotsunamiscenarios produata run up height of 1228 m and 2430 m, respectively.
William D. Pag@ 1979 also estimated that uplift of 1 to 3 nees in height occurs at Pasni and Ormara resulting from the
earthquake of 1945M 8.3). On 24 September 2013, an earthquake of 7.7 magnitudes occurred in this (egrah et al.,
2017) After this shock, a small ridge rose out of water from 2 km of Gwadast. This is now known as Zalzala koh, which

may be a submerged volcano before rising to the surface.

This isan integrated study in which seismic, tectonic, bathymetrimorphologic and geographisetup are configurel to
evaluatethe tsunami hazards especially along the Makran coast aqgtécautionary measures are discussdeach section

is separately discussed and associated with others to find out the sensitivity of the situation.
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Figure 1: Satellite view shows the locatiof the coast of Pakistan



2. Material and Method

Main objective of the study is to expose and interpret geographic, geomorphic, tectonic and seismic condititiresrand
associaibn with each other. Many maps of the study area have been preptrédentify the sensitivity of the issué

detailed accourt of these mapss givenbelow.

2.1 Bathymetric Map

Bathymetic map has been developed with the help of digital bathymetry data. TheeBdnds satellite bathymetry data

have been downloaded in .gz format froofficial site of National Oceanic and Atmospic Administration (NOAA).
Bathymetry data was collected from satellite data with several other sources and compiled by National Geophysical Data
Center (NGDC) of NOAA in 1998 (GLOBE, 1999). This data was acquired in compressed text format from M@&Dkzand h
initially uncompressed and converted into the comma delimited text file and saved as .csv file. This file has been converted
into point data plotted in specified location using add event tool of Arc map. The text file (.c®wy nverted into spatial

data by this methodn Arc Map Kriging interpolation method was applied by using point data plotted includinalug
because all the data has been compiled in grid format. This way a bathymetry map of the whole coast of Raisistan

developed.

Slope profiles graphs of the continental shelf along the specific location where settlements are foundléabeen
developed. These profile graphs have been made on the bathymetryusiag the spatial analyst tools. The bathymetry-is 3
Dimension map where depth values along the coordinates are given. An interpolateddmdrawn on thespecific locations

of bathymetry to get theslopeprofile graph.

2.2 Aspect Map

Aspect mapvasmade with the help of the Xalue of bathymetry mapTheAspect identifies the dowslope direction of the
maximum rate of change in value from each cell to its neigh{i$/l, 2014). 3D analyst todh Arc map wasised to make

the Aspect mafrom bathymetry mapEight directions fron®-360degreesare cateyorized to develophe Aspect magrom

this tool. Slopes with directions in different colors abkown in the legends. This map is helpful to show that which aspect of

topography found in the majs dominant

2.3 Seismic Map

Seismic zoning mawas also developed using the earthquake data. Archive historical earthquake data from 1905 to 2013
have been collected from USGS (2013) and compiled in excel. Magnitude of the earthquakes with the location of the
epicenter in the form latude and longitude is included in the data. This data has been converted into point data plotted in
the map, using the Arc map programow, te attribute data ofexcel fileis converted into spatial data by this method.

Inverse Distance weight (IDW) émpolation methodwasused to developed seismic map. This nvegs classified into seven



classes with the interval of 0.5 magnitudes to evaluate the major and minor places of earthquake. Location of the epicenter i

the form of the point data has also beéisplayed with the map for analysis.

2.3 Other Maps

Faultmapshave beeralsodeveloped using the cartographic techniques in Arc map progvaare adocation and

orientation of the faults direction and propagation of wavegre manually digitized.

An exposure mapas alsabeendeveloped Three buffer zone of 1000 meters intervehs prepared on the map. Four
settlements in exposure mapere selected and enlarged on separate clips so that exposed area with three buffers could be

analyzed.

3. Geographical Setup

Pakistan haatotal 1,050 km coastal strip that lies within the subtropical region divitles Sindh (350 km) and Makran (700

km) coast by Cape Mounze (Figure 1). Eastern side of the coast cagbriseeks of Indus delta that starts from Sieek in

the east to Gizri creek in the west. The coastal area of Karachi starts from Korangi creek, givingreoearteeCape Mounze

in the west. Beyond the Cape Mounze, the Makran chesfins In eastern coast of Makrara lagoonal structure is found
known asMiani Horr. The physiographic location of this structure supports that this area is appropriate for the development
of harbor. About 200 km from Semiani, Ormara with Tambola structure is found. Pasni is another settlement that is
between Ormaraand coast city is one of the major settlements on the Makran co@smajor regional port is going to be
established in his city that would connect the Indian Ocean with China and central Asian countries in future. It is expected

that geographical positin of western coast of Pakistan will begionallycentralized in future.

4. Bathymetric Setup

The eastern coast is highly indented with number of creeks having a wider continental shelf. In contrast the Makran coast has
a narrower continental shelf with a smooth coastal margin. Makranges cover the vast area which is about 400 km long

and 250 km wide (Kazmi and Jan, 1997). The Makran region comprises a monotonous series of parallel ridges and valleys
(Kazmi and Jan, 1997he presence of raised beaches and marine terraces alonlyl#fkean coast indicates episodic uplift

of the continental margin resulting from largeagnitude earthquaked<arachi coast is eagtest oriented which starts from

Cape Mounze to Korangi creétom where Indus Delta starthat comprises of the seventeamajor and many minor creeks.

It ends at the Sir creek, an international boundary between Pakistan and India (Mahar N2&l0&r, 2010.

Continental shelf along the coast of Pakistanick isfairly rich in marine biodiversity provides the potential envinoent in

the Exclusive Economic Zone (EEZ). The shelf is about 130 km wide off the Indus Delta but along the Makran coast, it narrows
down to 20 km to 50 knfFigure 2) The slope is average 150 km wide off the delta 2bido 40km wide in the Makran region

(Figure 2)The sea floor is characterized by a number of physiogrdphitires;those are significant from morphtectonic

stand point (Kazmi and Jan, 1997).



Bathymetry and dur Slopes' profiles of the continental shelkplain verycertainly andcategoricallythat shelf ofwestern
coast(Makran coastis very steepand eastern shelf is comparativetyore gentle (Figure 2) EstimatedShelfslope of the

coastis 3%from coastto 100 km off shore Pasni and Ormarahow same slope value that is 3.75%. Karachi shew
comparatively differen slope. Shelf slope fronthe coast of Keachito 60 kmoff shoreis 0.33%that is very gentlewhile

between 60 and 100 knshelf slope is3.25%.Bathymetricmap and these profiles show that eastern coast due to the
deposited sediments from River Indus is very gentle while western coast (Makran) has steep shelf slope. In some of the places

of off shoreMakran coast50 meter depth was found just 10 to 20 metawvay from the coast.
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Figure 2: Bathymetic map of ArabiarBea along the coast of Pakistand specific locations of thgraph of theshelfslope
where settlemeng are found(Source: Authors)

Topographydeveloped on thefigure 3 shows the slope direction. Sky blue color on the shelf slope of the Makran coast
exhibitsthat shelf slopedirected towards the south is dominant. Few west oriented anticlines are found but overall slope

is inclined towards south. A north oriented belt is also found on the map near the subduction zone. Eastern coast, from
Karachi towards Indus delta is inclined towasdsithwest and west. Slope and its direction on #igpect map show that

shelf slope of Makran coast is inclined towards south with deticlineridges till 200 km.



The Murray Ridge is located southwest of Karachi in the ArabianwBege rormal faults exist on this ridge. A
subduction zone lies around 100 km away from the Makran coast, which is a threat to the coastal region of Balochistan
because it has the potential to generate tsunamis towards the coastal area of Pgfkgjare 3)Distance 6 subduction

zone andshelfslope near the Makran coast support the hypothesis thiabable sunamifrom this the subduction zone

canhit the coast with larger scale.
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Figure 3 Aspect map of the continental shelf of Pakistan Coast where slope wéttion is shown.

5. Tectonic Setup:

The location of Pakistan with the reference of regional tectonic setting is very crucial in respect of Eurasian andatedian pl
(northern and western margin) and Arabian plate (southern margin) that keepsabetry on the earthquake prone zone.
Geologic characteristics and tectonic features divide Pakistan into six major units (Loya(@ff)portant zone lies at the
southern margin of the Afghan cratdfftigure 4), associated with the subduction of the alian oceanic plate under the

southern margin of the Afghan cratd@aina.et al.,2015).

Figure 4: Subduction zone and spreading plate boundary the continental shelf of Pakistan



A subduction between the Arabian and Indian plate along the off shore of Makran coast & \asp important tectonic
structure. This subduction zone has developed a belccretiorary flysch sediment near the coast. Murray ridge is another
seismic structure of particular importance located in the continuity of Cape Monze in the offshore of the Arabi&iy8ea

4). Murray ridge is thought to be an active rift zone $hif southwestnortheast, extending towar@nmiani (Loya, 2000)

6. Off Shore Seismic Activities

Off shore seismic conditions under the present development activities alongvéiséern coast of Pakistan are significantly
important. Its negligence could cause a big lmsthe country. Te rest of thecoastal area of the country is not a risk free
zone. Many disastrous earthquakes along this region have occurred in the past. Seismsciglgats that we havbad
frequent earthquaks of moderate magnitude along the coastthre last century Even Makran subduction zone triggered the
second deadliest tsunami in the Indian Ocean, among those the known tsunami sisztris region hasot beenanalyzed

in detail (Heidarzadehet al, 2009) The archive data of earthquak@JSGS, 2014)as been compiled in ArcMap GIS
software. Seismic zoning of the off shore coast is developed on the bases of the location of the epicented)Fitnuerse
distance weight interpolation method is applied against the past occurred earthquake on the offshore coast of Pakéstan. T

interpolated results are divided into five zones based on the magnitude of the earthquEstds ().

Classified map of the seismic zoning depicts a clear picture of the offshore region of Pg@gstan5). It divides the whole
area into two regions of seismic importance; the coastal region of Makran and the coastal region of Sindh. Thesethp
on chronological data represent that seismic activities are different in both regions. These two regiohs\asentirely
different geographic, geologic and geomorphic features. The coast of the Sindh is supposed to be mockasecamepare

to the coast of Makran.
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Figure 5: Map showing the seismic zoning based on magnitude and location of epicentersooichity occurred
earthquake of the offshore coast of Pakistan. Source: USGS, 2014.



The whole part of coastal Balochistan, particularly the western area comes under the high riskigoree5 indicates that

many disastrous events have occurred on the western part of the Makran coast. Occurrences of these disastrous incidents on
the offshore side have generated Tsunami in the past. Ormara, Gwadar and Jiwani are the important settlements of the

province and hge been affected in the past. Locations of large number of epicenters are found near Gwaddwand

Growing population in these settlements and urbanization in the Gwadar port without the assessment of the seismic hazards

could bedangerous.

7. Tsunami waves towards the Coast

Subduction zone locatedlongthe Makrancoast in Arabian Sdaabout 100 km from the coasfhis zone andhe associated
thrust faults are eastwestoriented, whichis aligred with the coast ofKarachtowardseast Athrust in the ArabiarSeacould
generate tsunamithat will directy strike northward to the Makran coast andsouthwardto Indian Oceanlf a thrust is
developedby earth qualk, about 100km distance ofsubductionzonefrom Makran coasgenerating tsunami will takenly

few minutes tostrikethe Makran coastThis model based speculatiga potential threat to theMakrancoast.

The direction of tsunami from the same thrustwvards Karachi could not have muldrgerdamage as compadsto Makran
coast because athe geographic location of the Karachi ci@oastline of theKarachicity is eastwest oriented and it is
separated from nortksouth Cape Monze promontory which providesbarrier to the city andmoreover, location and
direction of the fault in the Arabian Segmaking it comparatively secureAssociated thrust faults are easest oriented in
direction, which is located to the souh S &0 2 F G KS O withXaacHican@rdpadate ivehl t¥uBafmind a
probable generated Tsunaralong the Makran coastanstrike Ormara, Rsni, Jiwani andwadarcoast at high angle but the
same may strike Karachi at low anffiegure 6) because these waves will be wealn the eastern and western direction and
its direction will be parallel to the Karachi coast so probably, degree of destructi&arachi cityis very éw provisionally

that the tsunami originating fronthis subductiorzone

Balochistan

Arabian Sea

miles




Figure 6: Subduction zone along Makran coast showing the direction of propagation of waves

Three major earthquakes (1945, 1947 and 2013), generated Tsunareipbeurred in this region in 1880 yearglqgbalJ.et
al., 2017 Kazmiand Jan 1997). History shows the earth quakéom this subduction zone along the coast, alwayrekethe
Makran coasbut because ofow population less amounbof loses wererecorded butin future population and development

activities are rapidly increasing so in case of any probaialer shockloses could not be comparable with the past

Murray ridge is one of the prominent features in the continental shelf of the AraBiea It is southwest to north-east
oriented and it is located in the soutliest of Karachi city. Spreading plate boundary on the Murray ridge can cause to
produce a fadl over the ridge. This probable fault could generate tsunami but tsunami generated from spreading plate
boundary iscomparativelylesser energeticthen the tsunami generated fronsubduction zone because these wawssnot

hit the Makran coast at 901t could caug small damage of property and loss of life. Again the direction and location of
spreading boundary towards Karadsitself a barrier, and any thrust generating tsunami propagateavesnorth-west and

south-eastdirectionthat is shown irfigure 7.

Figure 7: spreading boundary along the Murray ridge shows the direction of propagation of waves

8. Coastal Settlements and Development Activities:

Twoimportant ports Karachi and @aderare located along the coast of Pakistan. Karachi, the biggest city of the country, has

a population ofabout 20 million. It is a commercial city and plays an important role in the economic development of the
country. The territory of Gwadar was given thstatus of a separate district in 1977 and happens to be among the largest
coastal districts in the country, with a population of 185,498 and 263,514 as recorded in 1998 and 2017 census respectively
(Pakistan Bureau of Statistics, 201Tjvo more settlements are found where losses could be quantified on the occurrence of

incident.
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Figure: 8 Figure shows the Tomhmstructure of Gawadar city.

Gwadarport has started working since 2006 despite the political and geopolitical is&ftes the agreement between China
and Pakistanon China Pakistan Economic Corridor ECR development activities have bedmwosted up in the city of
Gwadar.The hottle ned oftombolo of the Gwadar cityhas alreadyeencovered with settlementgFigure 8). Layout maps of
the surrounding area have been developed for urban planning and manageManty development activities have been
started. Eastern coast from Tomlmtowards north has been allotted tthe Chinesefor the development of the port and
other sdtlements. Tombolds a hilly area, where a five star hotehsconstructedin 2006and total coastal areaasallotted

to local people and people across the countrWestern area has been planned for city developm&wadar Development
Authority (GDAWwas established for planning and managemént2003 Presently the citys about 20 km from the coast of
Gwadar to N10 highway which is also known as RCD Y@asternarea is expandedp to 40 kmwestalong the marine drive

road.

Three buffer zonedemarkatedon the coast at the interval of 1000 metegstimatehow much area could be invaded by the
waves on the occurrence of Tsunaffigure 9). First buffer of 1000 meter is most dangerous while second is comparatively
lesser and last one is least danger. Beyond the 3000 meter area could be secure metaveage 3000 mfoothills of the
Makran range ardound but in some remoteplaces along the coastfoot hills of Makran range were found just on the coast.
Four settlements have been exposed on the map to show that how much area should be made ready angerstud and
less dangeroudn nutshell Tombolostructure of Gwadewill be most vulnerablelt is a hilly area but it could not stop the
invaded waves as the distance of generated Tsunamild be100 km.This city is expanding towards east, west andtmor
Safety measuresnust be followed against tsunarim planningand development Ormara and Pasni are small settlements but

losses could occur becaubeyond a periphery 01000 metersarea is not considered to be out dhnger.Exposed area of

10



the Karachi is the Cap mounze promontory that is a hilly area and it is not that much populated. Gentle slope, near off shore

and ridge on the land will dissipate the strength of the waves bugtgaheasure must be taken as the whole city is densely

populated.
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Figure 9: Exposure map shows three buffer zomigh 1000 meter intervalFour main settlementwere selected to shows

vulnerability of the area.

9. Discussion and Recommandations:

Spatial analyses of the seismic conditions at the coast of Paldazgest that this area & highrisk zone while the western
coastalbelt of the country is located on theategory ofhighest risk zondn case of occurrence of suctdeastrous eventti
is essential for the peopléving inGwadar Ormara andPasni to secure their liveSafety measures are very necessary for

future disastrous events, so that the loss of life and property damagedbe minimizedand people anbe saved

Considering the safety measures and life saving of the people of the coastal trsajniperative to pay especial
concentration to evaluate theverall scenario of seismicity in detddr the microseismic zoning of the whole area of coastal

belt and especially the Makran coaBtetail study of geology and geomorphology help to plan the urbanizafiegmall town

near the coasin future.

Urbanization of the coastal citienust be carefullyplanned Seismic, geologic, geomorphic and geographic study should be
under considerationn the development prograsand urbanization of towslike Gwadar The Settlement o6Gwadarat the

tombolo is very danger. Industror city must beplanned at the siteaway at least 5 km away from the coabticro-seismic

11



study and geologic background of any pldedp to suggest the construction of buildimg accordance t@articular rector

scale.

Use of recording gauges for the warning of probable tsunamifanthe recording of rurups at time of waves attack is very
essential because in this way people could be informed about the tsunami and could be saved from large number of loss of
life and damage of propertyThirdworld still lacks to secure their coaBbm the probabletsunami because most of the
countries of thethird world have not installed the recording gaugesmeasurethe run-up of waves Warning system is very
essential even to those places where there is no settlement and where location t#nhsents is secure from probable

tsunams becausét not onlygives us securitut it also give us a continuous datéor regional based future planning.

Embankmentsshould be constructecdlongsome active spots ahe coastespecially around theettlementslike Gwadar
Pasni, Ormara and Sonmiasu that the probable waves divert their directiolm this way theimpact of the tsunamicanbe

minimized and its dissipated strengtWill be less destructiveand could preventfrom further losses.

Karachi being a commercial and the largest citfPakistanis in direneed of warning systeafor long termplanning along
the coastal zone of Karaghihichis very essential despite ¢hfact that it is geographielly and geomorphicallysecurel.
Smaller shocks and minor thrust ifunami near the coast of Karaduuld create damages oa large scalebecause of the

unplanned settlement oé large populatiomear the coast.

Peopleliving along the coastal area should be trained and well informed about the tsyisantat they could recognize the
siren oftsunami warningand they should know how to approach and climb the elevated gléke building or hilly area.
Clinicalhealth safety measure near the coastal area should be establistaed all requirementsnecessary to secure the

livesof peopleshould be fulfilled.

Analytical overview of the coastal belt depicts a preview of the natural disasters and draws attention aflityerpaker

regarding the security and safety of the coast.

10. Summary & Conclusion

Coastal zone of Pakistan especially Makran coast was analyzed from many dimensions.

i.  Aninterpolated bathymetry map was generated with 50 m to 500 m contour interval.
ii. Shelf pofile of specific locations was generated from bathymetry map.
iii. Aspect map with the help of Bathymetry map was also generated.
iv. Interpolated seismic map of past 108 years (1:2033) was generated.
V. Map of faults on study area were also prepared with lamatind orientation.
vi.  Tsunami propagation map was also prepared along the faults to streatidn and propagation of waves.

vii. A vulnerability map with three ordinal risk zones of 1000 meters was prepared with exposure of four settlements.
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Analysis of the integrated studyf coast and shelf of Pakistan using bathymetry data, seismic record, and tectonic situation,
wave propagation model and coastal vulnerability map tetunderstand the level of vulnerabilitand led to take
precautionary neasures becausknow ignorance of probable natural hazardsuld cause a serious disastspecially along

the Makran coast

It is concluded that the coastal belt located near the subduction of Makran is the serious seismic zone of danger. While these
tectonic structures against location of the Karachi coast, somehow secure the city from such disastrous events. Similarly,
Indus delta due to its location and alignment is supposed to be secure from western shocks but seismic records shew that it i

insecurefrom its eastern threat of shocks.

Growing population and settlements indicate that development activities in the future will increase along the Makran coast.
Similarly the density of population will also increase at sopilacesalong the coast. The ovall scenario let to conclie that

anytsunami generated along the coastal belt of Makran could producdigestrouseventand claimosses
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